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FOREWORD

This report covers the work done in the period June 26 to December 26, :1972,
under the general title Untempered Ultra-High Strength Steels of High Fracture
Toughness. The work was sponsored by the Army Materials and Mechanics Research
Center on Contract No. DAAG46-72-C-0220. It was funded under ILIR category,
Accession No. 4801, Program Element 61101A, Project No. 1T0611091A. Dr. L. A.
Shepard acted as Contract Officer Representative.

A portion of the work was sponsored under AEC Contract No-. W-7405-eng-48.
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AN INVESTIGATION OF METALLURGICAL FACTORS WHICH AFFECT
THE FRACTURE TOUGHNESS OF ULTRA HIGH STRENGTH STEELS

William E. Wood,* Earl R. Parker and Victor F. Zackay

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;

University of California, Berkeley, California

ABSTRACT

The relationship between microstructure, heat treatment and room

temperature fracture toughness has been determined for the low alloy

ultra-high strength steels 4130, 4330, 4340, 4140 and 300-M. Optical

metallography, microprobe analysis, and scanning electron microscopy

were used to characterize the structure and morphology, while both Charpy

V-notch impact tests and plane strain fracture toughness tests were used

to determine the fracture properties. The normal commercial heat treat-

ment resulted in the formation of some bainite in all the alloys. MnS

inclusions on prior austenite grain boundaries were found to initiate

crack* during loading. By increasing the austenitizing temperature to

1200%C, the fracture toughness could be increased by at least 602. For

some alloys increasing the severity of the quench In conjunction with

the higher austenitizing temperatures resulted in further increases

in the fracture toughness, and the elimination of any observable

upper balnite. There was no correlation between the Charpy iapact test

results and the fracture toughness results. The alloys 4130, 4140,

4340 all showed a *evere interarsoul eabrittleont wben austenitlied

at high temperatures and teapered abole 2004C* while the alloys 4330 and

300-44 ehibited no drop in toughness for the sawm heat tratment conditioas.

Submitted to the University of California Graduate Division in partial
fulfillment for the degree of Doctor of Engineering.
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The as-quenched tensile specimens had a very low "micro" yield strength

which rapidly increased to the level of the "macro" yield strength

when tempered.

Itt



I. INTRODUCTION

Low alloy ultra-high strength Steels such as 4340 have be'en

available commercially for over forty years. IHowever, they are

seldom used above 200,000 psi because their toughness is very low at

these high strength levels. There are some instances where these

alloys are heat treated to achieve the maximum strength level, where

strength in relation to size and weight is the dominatinfg factor..

These situations are exactly the ones' where Lbte toughness is the worst,

and where better toughness is desperately needed.

The alloys studied lin this Investigation were.4130, 4-330, 4140,'

.4340, and 300-fl. in addition,,a limited aweunt of -work has been dooe on

.&iloys 3.140 'and 435.0. Thseie alloys allowed varying the carbont conWte

vhile keeping the other olaeuts the *en. -UAso, it 3.lloued the alloy

Contents to be ciuwgvd without'ch~aging the amounlt ot carbon preseot.

Thus both the eftect of Varying t.1u carbon (&and hence streugiis) and

the effect of varying the alloying alaents could be studied at a

(utawtion of the ausfteaitixing c~aerarure, quenching rat4, aud tr-4aprtng

temperature.

ALI of these steels art cvouetinually put in. a class ail1ed

*tempered artensttic, which izaplics that they Are cap-able of be-Ing*

qucudehd to fero a eargeng4itlic structure tot tile #0ctiouStitta ilk

which~ they are us"d.

The. purpose of' this iutigutl~tiok 10 :e ter"daw, th'e.mh*&a.i'uct-ure-

toushnves relationiship of several canercially heat treated low alloy

ultrA high streagth steel. that are videly wsed today. Once this

relatioaship is bjwmm, then the toughnes* cau be optinited by alteritig
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the heat treatment schedule to produce a microstructure more resistant

to fracture.

The resistance to fracture was measured using both Charpy V-notch

impact tests and the concepts of linear elastic fracture mechanics to

establish the plane strain fracture toughness of the alloys under a

variety of heat treatment conditions. A knowledge of the fracture

toughness of these materials and the way in which it depends on their

heat treatment is essential for the safe design of structures utilizing

high strength steels in which very small flaws can lead to catastrophic

failure.

It is difficult, if not impossible, to-design reliable structures

which meet todays demands by using alloys that were developed over

forty years ago utilizing concepts and standards, which since then

have proven to be inadequate. However, it is equally difficult to

design new alloys for todays needs without first understanding not

only the limitations of alloys currently in use, but also what funda-

mental aspect of the materld is responsible for these limitations.

In a sense then, this investigation seeks to first define the limita-

tions of several low alloy steels which commercially used, then to

determine what causes these limitations, and then finally to improve the

Dmechanical properties as much as possible without changing the basic

alloy itself. Thus, this represents an intermediate stage, which

hopefully will lead to the development of new alloys.
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LH. EXPERIMINTAL PROCEDURE

A. Materlal Prearation

The low alloy ultra high strength steels used in this investigation

were all cowercial aircraft quality steels received in the fully

annealed condition. Table I lists these alloys and the chemical

analysis of each. Several alloys were received in two or more lengths

and a chemical analysis was then done for each length. Thus, in Table I

the letter A, B or C following a particular alloy (i.e., 4340-A or

4340-B) refers to a particular piece of that alloy. The carbon level

of the alloys was checked at least twice because of the sensitive way

in which the mechanical properties depend on the amount of carbon present.

B. Heat Treatment

The austenitizing treatment was done in a vertical tube type

furnace shown in Fig. 1. The furnace was sealed at both the top and

bottom and austenitizing was carried out in an argon atmosphere for

1 hour. The material being austenitized was then quenched by removing

the bottom and dropping it through the bottom and directly into the

"agitated quench bath below. The tempered specimens were held in a

salt bath for 1 hour.

For this investigation the austaitizing temperature, the quench

medium, and the tempering temperatures were varied, although not all

possible combinations were used for any one alloy. Austenitization

was done for 1 hour at either 870°C, 1100*C, 12000 C or at 1200C fur

1 hour followed by cooling to 870*C and holding for a total of 30 minutes

and then quenching. This austenitizing schedule will be referred to

as a step quench treatment. There were three basic quenches used:
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1) room temperature oil quench, 2) room temperature water quench, and

3) ice brine quench followed immediately by refrigeration in liquid

nitrogen. In a few cases an oil quench was followed by liquid nitrogen

refrigeration.

In order to obtain a quantitative measurement of the differences

in the severity of the quenches used and to determine how much time

was required to bring specimens to the temperature of the furnace,

cooling and heating rates were measured for the fracture toughness

specimen. Two platinum-platinum 10% rhodium thermocouples were placed

as shown in Fig. 2. Both thermocouples were placed at the midsection

thickness and alloy steel set screws were placed in the side of the

specimen to insure that the junction of the therLocouples would be

held firmly in place. Finally, a silica cement was used to seal the

point where the ceramic tubing entered the specimen and to also provide

support. In order to prevent the ceramic tubing from cracking when

immersed in the quench, and the wires from shorting, a second ceramic

sleeve was fitted over the thermocouple tubing. This outer sleeve could

either be replaced or major cracks cemented with the silica paste. This

enabled one thermocouple and specimen to be used several times.

With the thermocouple firmly in place and sealed, the entire

setup could be positioned in the furnace and the temperature recorded

on two strip chart recorders. As soon as the specimen had reached the

furnace temperature the entire setup was pulled from the vertical tube

furnace and dropped into the appropriate quenching medium. This

arrangement allowed the internal temperature of the fracture toughness

specimen to be continuously monitored and recorded throughout the



-5-

Sentire 

heat treatment using iindependent thermocouples, each

acting as a check on the other.

All fracture toughness specimens, Fig. 3, were heat treated

individually. However, an attempt was made to duplicate the cooling

rates in the fracture toughness specimens as closely as possible in

Sthe Charpy V-notch specimens too. To do this, Charpy blanks were cut

S5/8 in. x 5/8 in. x 2 1/4 in. and wired together in groups of four

(Fig. 4) to form one block 2 1/4 in. x 2 1/2 in. x 5/8 in. These

blocks were then austenitized and quenched individually. Similarly,

the tensile rpecimens (Fig. 5) were first cut as blanks, each 5/8 in. x

5/8 in. x< 3 3/4 in. These were wired together in groups of three in

the same manner as the Charpy specimen blanks.

C. Mechanical Testing

* 1. Impact Tests

The room temperature longitudinal impact properties.were determined

using the standard. ASIX Charpy V-notch specimen as shown in Fig. 6.

The tests were done on a pLadulum type impact testing machine adjusted

to a 60 ft-lb capacity.

The austenitized and quenched Charpy blanks were first tempered

j and then ground equally on all four sides to final dimensions, and

a notch machined -on the sides Ps shown in Fig. 7. Duplicate tsts

were done for all heat treatments. In order to check whether there

was an effect on the Charpy values due to position in the prior heat

treated block (i.e., position 1, 2, 3 or 4 in Fig, 4) specimens to be

tempered duplicately were always taken f'om the first and third positions

or second and fourth positions in the block.
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2. Tensile Tests

The room temperature longitudinal tensile properties were determined

using a 1.4 in. gage length, 0.357 in. diameter ASTM specified round

specimen shown in Fig. 8. These specimens were ground from the blanks

that had been previously austenitized, quenched and tempered. Duplicate

tests were performed on all the specimens in the as-quenched and 280%C

tempered condition.

A 300,000 lb capacity MTS machine was used to test the specimens

at a loading rate of 0.04 in./min. The yield strength was determined

on both a "macro" and micro yield strength level.

The 'macro" 0.2% offset yield strength was determined from the load

vs total stroke or crosshead displacement curve and the measured

elongation. The total crosshead movement was divided into the total

amount of elongation from which the amount of stroke movement cor-

responding to 0.002 strain can be determined. The "micro" yield strength

on the other hand wap determined by using two linear variable displacement

transducers (LVDT) mounted on opposite sides of the tensile specimen

Wn a configuration shown in Fig. 9.

By using two transducers mounter on opposite sides, any error due

to specimen buckling or non-uniform loading is automatically cancelled.

Also extraneous strain from the specimen grips, threads, etc is eliminated.

The signal from each LVDT was fed into a Daytronic model 300D Transducer

amplifier which added the signals from both transducers. Calibration of

the output of the transducers, Daytronic amplifier and X-Y recorder

setup was done using a special micrometer calibration unit shown in

Fig. 10. By switching the amplifier from the single output modes to



"the add modes, it was possible to calibrate the output of either one or

both of the transducers simultaneously. The micrometer attached

to the calibration unitihad a 1.0 in. barrel movement with a 100 to 1

reduction sleeve inside. Thus, the micrometer had a total range of

0.01 in. This provided a method of calibrating the output of the

entire setup down to a least reading of 10-5 in. of displacement.

Hence It is possible to measure strain very accurately and to observe

any mlcroyielding, which is not evident, if only the total crosshead

movement is measured.

3. Fracture Toughness Tests

The room temperature longitudinal plane strain fracture toughness

was determined using the ASTM specified2 compact tension testing

specimen, Fig. 3. All specimens were machined from 5/8 in. thick bar

stock to final dimensions except for the thickness and 0.008 in. slot.

After heat treating 0.010 in. was ground off each side and an 0.008 in.

thick slot was machined in order to act as a notch for introducing a

fatigue crack. A 300,000 lb capacity MTS machine was used to fatigue-

precrack the specimens at 6 cycles/sec. All fatigue cracks were

fatigued at least 0.10 in. and fatigue loads were kept within ASTM

recommendations.3

The stress intensity for the compact tension specimen has been

determined by Srawley and Gross, and can be expressed as a function of

specimen geometry and loading to result in the following equation
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K aBWl/

A)-29.6 (a -1~85 .(a3+ 655 .7(a 10l~7(a7/+638.9(-A)

where K is the streuss intensity, P the load, B the thickness, W the

spec'luin width Mid a the crack length.

The fracture toughness specimens were tested on a 5000 kg. Instron

at a crosshead movement rate of 0.04 in./min which resulted in a loading

9
rate within ASTM recommendations. A crack-opening-displacement (COD)

gage was used to follow the crack length during each test. With the

use of a crack-opening-displacement vs crack length calibration curve,

Fig. 11, for this particular specimen geometry, the crack length

during each test could be determined from the crack-opening-displacement

(V) measured with the COD gage. Hence the atress intensities K c and

K 'outld he detertiihied usiLg Eq. (1) iti accurdatice with the AS'IM

sta~ndards. 
3

1 a D. Microscopy

Oe Optical Metalloaraphy

Sections to be used for metallography were cut from the midthickness

of the fracture toughness specimens. They were mounted in Koldmount

and ground on successively finer papers to 600 grit and then polished

to a lp finish using a diamond paste. All specimens were etched in a

42 picral, 12 nital solution. Metallography was done using bright

field, polarized light and/or interference contrast methods.

im u n uuiIu im u n u
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2. Scanning Electron Microscopy

K A Jeolco JSM-U3 scanning electron microscope (SEK) with a secondary

emission at 25 kV was used to examine the fracture surfaces. While the

specimens were being sectioned in order to fit in the SEM, the-fracture

--surface was protected with acetate tape. Afterwards the tape was

A• stripped and the specimen ultrasonically cleaned.

4A



-10-

III. RESULTS

A. Heat Flow Profiles

Heating and cooling curves corresponding to the temperature profiles

in the center of a fracture toughness specimen were determined for the

different heat teeatment schedr".s used in this investigation. Table II

shows the temperature profile during heating from room temperature in

an argon atmosphere. The temperature profile was monitored two times

and appears in Table II as run 1 and run 2. Also shown in Table II is

data corresponding to furnace cooling from about 1200*C to 870*C.

Figure 12 shows these results graphically.

Tables III and IV give the redults of the ice brine, water and oil

quenches from either 870*C or 1200*C. These results, plotted in Figs. 13

and 14, show the differences in the severity of the different quenches.

The oil quench le markedly slower than the other two quenches. Cooling

rates at selected temperatures were dateminodd by drawing a tangent

line to the curves. These rates. Table Vo were determined at 150o 300,

500, 700 and 900*C for each co the cooling curves. The results show

that the ice brine quench results in a faster cooling rate ttan a

water quench at temperatures above 3000C, but that at 300C and 1500C

the cooling rates are essentially the same. The oil cooling rates

are, however. much slower, as expected.

!I

i ?



B. Mechanical Tests

1. Fracture Toughness Tests

The room temperature longitudinal plane strain fracture toughness

results for the alloys investigated are given in Tables VI through XII.
P

In these tables the ratio - is determined from the load vs crack opening
5 Pq

displacement curve generated during the test. This is shown schematically

in Fig. 15. These ratios are included in the tables since they are a

new restriction placed on the determination of the validity of K I. The

3AMTh now specifies that this ratio must be less than or equal to 1.10.

However, this requirement is believed to have been added because of

discrepancies in the fracture toughness of titanium alhys. As can be

seen in Tables VI through XII, the values of this ratio varied, both above

4 and below the value of 1.10, within duplicate tests. This did not

result in any significant differences in the calculated fracture

toughness however, and for this investigation the fracture toughness

values are reported as valid plain strane fracture toughness tests

as long as the other requirment8 are met.

The plane strain fracture toughness, Kit, is calculated using

j the load PQ and the associated crack opening displacement (Fig. IS).

The value calculated is the valid plane strain fracture toughness it

the folloving two conditions are wet:

P

K
2.. ys
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The critical stress intensity, Kcrit, is calculated at the point of

the maximum load, Pmax

a. Alloy 4130

The fracture toughness results for all conditions tested are given

in Table Vi, and some of these are plotted in Fig. 16. For this alloy

the normal commercial heat treatment is to austenitize at 870*C followed

by oil quenching,(870, Oil). This results in a fracture toughness of

57 ksi-in.1/2 for the as-quenched condition. If the specimen is ice

brine quenched and refrigerated in liquid uitrogen (L.N.) after

austenitizing at 870*C, (870, IBQLN) there is no increase in toughness.

However, by raisingthe austeanitiing temperature from 870*C to 1200C,

folloved by oil quenching, the toughness abruptly Increases to

85 ksi-in.1/ 2 in the as-quench condition. 1•ou Fig. 16, it is seen

that the maximun toughness Is obtained by austenitiuing at 1200C

followed by an ice brine quench and L.P. refrigeration (1200, I3Q).

If the oustenicisit temperature ts lowered to 11000C, the toughness

again drops from 99 kst-in. to 69 kl-in. 2  The response to

tempering for the coamercial hoot treatment (870, Oil) and the best

hoat trestmet (1200, IBQLM) are exactly opposite. The (670, Oil)

host treatment show* no response until tempered at a high enouh levoel

to cause a drop in strength and hanes an increase in coughuess. On

the ocher hand, the (1200, IMQLN) treatment does exhibit a response

to a low 2004C taeper but then drops catasteophicaily at higher

teampertures doam to the level of the caurclal heat tretment. This

is a coMMa phenoanon to hugh strenth steels and is referred to as

"0500' embrittlement". Fivally, the value ot the fracture toughness
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achieved for any heat treatment condition is very sensitive to the

amount of carbon. Figure 16 illustrates how changing the carbon content

from 0.30 to 0.33 shifts the fracture toughness of both the commercial

heat treatment and the (1200, IBQLN) heat treatment lower. Sumarizing

then, in order to obtain the besL possible fracture coughness, both

a 1200C austenitizing temperature and a very severe quench are required.

b. Alloy 4140

The longitudinal fracture toughness results for all the conditions

investigated -re given in Table VII. This alloy is similar to alloy

4130 except for the higher carbon and slightly higher manganese content.

The a"-quenched (870, Oil) conercial heat treatment has a very low

Ir~aturtt to*uitnwus of 27 kat-In. bla, sy iretawlin thL. auutenlttalng

teae~rature to 1100C the (ract"re toughaess is only raised to

33 21-in. However, austenititing at 12006C and oil quenching

results in a much larger increase -n toughne#4 to about .51 k-s .t 2 .

In addition, if the (1200, Oil) heat treatment is. followed by liquid

"nitrogen refrigeration, the fratture toughness remains unchanged from

that of the (12000 011) heat troatmnt vithout L.M. rtripteration.

Finally, from Table VII It can be seen that a step quench (1200"670.

Oil) beat treAtment results in only a very mall Increase to fracture

tuugShuss over-that of a Cunewrci•l ($70, 011) lWsa treAtment.

"e brine liquid nitrogen (IQLM) quenches were used after both

a 1200C SAd a 1200-410C atustnitatito treatment. The (1200470, IQLM)

treatment resulted Lt little, if any increase over that of a (1200"70,

011) heat treatment, and the (1200, ISQLJ6) heat trstswnt actually sbowed

a drop It toughness a compared to a (1200. Oil) beat treatment.
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The response of the fracture toughness to tempering for three

heat treatments is shown in Fig. 17. It can be seen that the increase

in fracture toughness associated with an increasing austenitizing

temperature is maintained during tempering until the "500*F embrittlement"

range Is reached. Then both the higher austenitizing heat treatments

have an abrupt drop In toughness similar to that of alloy 4130. Also,

as in the case of the alloy 4130. the higher the maximum toughness

achieved, the greater the loss in toughness when tempered In the 2O

to 350*C range. As in the alloy 4130, when the drop in toughness occurs,

it reduces the toughness to that of the coerclal heat treatment at

the tempering temperature of 350'C,

c., Allg 4330 .

TiTable Vi11 lists the fracture toughness results for all the test

'conditions used in this Investigation for. alloy )330. The normal

cwmerelal heat treatment is 'again to acatenttlse at AttW C and oat

quuclh. The I racture tot ugie results and response to tempering

after an (870, Oil) and a (1200, IQLN) heat treatment are show in.

Fig. 18. ulake alloy 4130, this alloy resppods to tesperi8n after

being given sa (870, Oil) heat tretmat. Most sipftUle y tm ,ough

is the tact that thit alloy does not exhibit a svere drop in toughaess

wh eteam#pred above 200tC. Theft are two other significant risults.

Rtfortrng to Table •VIII. it can be ses that a (1200, Oil) heat trestmenut

results tn a fracture toughness tatamediate betweo the eamrctal

.(670, Oil) and the hkih temperature, seere quench (k0O, INQLN) heat

treatment Thie reult paraeels that of 4136, in that both the high
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. ..

austenicizing temperature and the extrme quench are necessary in order

to obtain the best results. Secondly, the step quench heat treatment

(that is 1 hour at 1200C followed by 30 minutes at 870C and then

quenching) with either an ice brine quench with L.N. refrigeration, or

an oil quench does not result in as high a fracture toughness as a

direct quench from 1200C Into eit[.*r an IBQLN or oil quench.

d. Alloy 4340

This alloy was the most thoroughly investigated in so far as

thirteen different austenitizing and quenching combinations were examinad

in the as-quenched condition- Of these combinations, three were selected

to further inveetigate the tampering response. Table Xlotvt the reaults

obtained for all the tests that were done using the alloy A3400 The

most obvious result Is that. four of the hMat treatments resulted in

quench craeks radiating outwardly from the notch it the fracture

toughnee•a "enen. On the one hand, an all quench afý#*- either 870"C,

1200.C or 1200"S70C austinitiation did not produce any quench tacksý

On the other hand, ithe#r an ice brinw quench vith L.A. refrigeration

i (IIQUI) or a water quench resolted to a quench crack, if the speciaen

-. was first susteaftized at e6ther 8700C • 1200"C. Htowe , elthur

Sthe IQLB quench #or the water quench tesulted in quench cracks following

*a step quench (11200470) autenitatlton sequence, It should be noted

that a caletoe test was obtain d o case for a (1200, IIQLi) heat

treatmnt. Hkwever, thli *"clmefn ws probably ILntetally cracked

"" hich would explain the 1ow value of -t and K tit obtained. It salhud

also be aoted that al.- quench cracs fellowied priot austenite grain

bouadaries amd that cracking occurred during the quench itself.
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In an attempt to determine whether any retained austenite might

be affecting the fra'cture toughness a (1200"+870, Oil) and a (870, Oil)

heat treatment were followed by immediately refrigerating into liquid

nitrogen. The fracture toughness results did not indicate any significant

effect due to the refrigeration.

For alloy 4340, it is evident from Table IX that there is no

advantage to quenching in a medium faster than oil, and in fact there

is no advantage in quenching directly from 1200%C as opposed to a step

quench. As with alloys 4130 and 4140, 4340 exhibits a drop in toughness

if either a direct quench from 1100%C or a (1100+870) treatment is used

rather chan the equivalent heat treatment from 1200*C. Figure 19 shows

graphically the increase in fracture toughness that can be achieved

over that of a commercial (870, Oil) heat treatment. The (870, Oil)

heat treatment has an extremely low as-quenched fracture toughness,

but climbs rapidly with tempering, except in the "500*F embrittlement"

range. The step quenched treatment shows its best toughness tempered

at 200*C, but then exhibits-a sharp drop in toughness similar to that

of alloys 4130 and 4140.

e. Alloy 300-M

SThe chouticul 'ompu~pt.tula o' alluy 300-M (Crable I) Is vtery slnil Iai

to that of 4340 except that alloy 300-M has silicon and a small amount

of vanadium added. The longitudinal plane strain fracture toughness

results for all conditions investigated for 300-M are given in Table X.

Three of the specimens were double tempered at 245°C. Double tempering

consisted of tempering for 1 hour at 245*C followed by quenching to

room temperature in water and then re-tempered for one additional hour
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at 245*C. Hovever, none of these treatments result in a significantly

higher fracture toughness than did the single temper treatment at 2450C.

This alloy does have a significantly different response to both a step

quench and to t'vmpering than does alloy 4340. Alloy 4340 showed no

"difference in toughness when given a (1200, Oil) or (1200+870, Oil)

heat treatment. However, Figure 20 shows that alloy 300-M develops a

response similar to the other alloys investigated, in that the step

quench does not result in as high a fracture toughness as does the

direct quench from 1200*C. Also alloy 300-M does not exhibit a sharp

drop in toughness when tempered above 200*C, as do all the other alloys,

except alloy 4330. 300-M does seem to be affected by liquid nitrogen

refrigeration after an oil quench. A (1200, Oil) heat treatment in

the as-quenched condition results in a fracture toughness nf about

4b ksi-in.1/2; whereas, the same heat treatment followed by an immediate

refrigeration in liquid nitrogen results in a fracture toughness of

only 35 kei-in.I2. However, additional tests are required to determine

if there is a real difference or just scatter in the data.

f. Alloy 4350

. preliminary investigation has been done on alloy 4350 to determine

whether a high austenization and a step quench treatment would result

in an increase in fracture toughness over that of the commercial (870,

Oil) heat treatment for a relatively high carbon low alloy steel. The

results in Table XI Indicate that the beneflcial Increase In toughness

is obtained, even though the fracture toughness is low compared to

the lower carbon alloys.
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g. Alloy 3140

A limited amount of data has been obtained for alloy 3140 and is

given in Table XII. The fracture toughness for both the (1200, Oil)

and (870, Oil) heat treatments are graphed as a function of tempering

temperature in Fig. 21. While the information is not complete, the

results in Table XII and Fig. 21 show that this alloy does respond

significantly to the (1200, Oil) heat treatment and that as for several

other alloys the step quench heat treatment does not result in as

high a fracture toughness as the direct (1200, Oil) heat treatment.

Finally, this alloy does show an abrupt drop in toughness when the

direct (1200, Oil) heat treatment is tempered above 200*C.

2. Impact Tests

The room temperature Charpy V-notch impact properties were determined

for alloys 4130, 4330, 4340, 300-M and D6-AC as a function of tempering

temperature for different austenitizing temperatures and quenches.

Table XIII gives the results obtained for all the tests. These results

are also shown graphically in Figs. 22 through 25. The graphs were

plotted by using the average value of the two Charpy tests done each

heat treatment.

The results show that there is very little difference, if any, in

the general shape or values of the Charpy V-notch data regardless of the

austenitizing temperature or quench used. There Is no correlation

between these resulta and those obtained using fracture toughness

specimens.
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3. Tensile Teating Results

The room temperature longitudinal tensile properties of alloys

4130, 4330, 4140, 4340, 300-4 and D6-AC were determined using the

parallel linear transducer arrangement described previously.. The results

are listed in Tables XIV through XIX and shown graphically in Figs. 26

through 31. There are several important points which will be discussed

further: (1) the presence of quench cracks, (2) micro vs. macro yield

strengths, and (3) the effect of specimen size on strength.

The problem of quench cracks occurred in the specimens with a

large grain size and quenched in an IBQLN and sometimes a water quench.

The limediate affect is that the elongation and reduction of area are

very low. The specimens that had visible quench cracks are marked by

an asterisk in Tables XIV through XIX. However, the lack of a visible

quench crack does not mean that failure did not originate from a surface

flaw or machining mark. The high strength and large grain size makes

these materials very sensitive to surface finish. By carefully polishing

the reduced section of the specimens it is quite easy to drastically

increase the reduction of area achieved during a test.

The second point, that of micro vs macro yield strength, is also

very important. The shaded region (Figs. 26 through 31) represents

the difference in the measured 0.2% offset yield strength. For every

alloy this difference is a maximum for the as-quenched specimens and upon

tempering gradually shrinks to a point where there is no difference

between the two measurements. In an attempt to measure the error

introduced in the macro yield strength measurement due to loading in
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the grips and the threads, a "zero" gage length "specimen" was machined.

*, . This "specimen" consisted of a 2 in. long 5/8 in. diameter completely

threaded section, heat treated to approximately a 210,000 psi yield

strength. This "specimen" was then threaded into the tensile grips

until the grips were touching each other, and a load then applied up

to 35,000 pounds, which corresponded to the maximum load reached in

the actual tensile tests. The amount of crosshead displacement can

then be measured for any load up to 35,000 pounds. These results were

then subtracted from actual tensile tests for alloy 4340, and the

corrected macro yield stress, designated '"macro", included in Table XVII.

This did reduce the difference between the micro and macro yield by

about half for the low tempered specimens, and at the same time did not

change the results for the specimens tempered at 280 or 350 0C. This

latter result Is probably due to the definite yield point that occurs

Lor the 280 and 350%( tempered specimens, since when a definite inflection

point occurs, it is automatically taken as the yield point. Subtracting

the displacement due to the grips and threads does not alter the load

at which this point occurs.

The general shape of the tensile curves obtained using the extenso-

meters is shown in Fig. 32A as a function of tempering temperature for

alloy 4130 given a (870, Oil) heat treatment, while Fig. 32B shows the

macro stress strain curves for the same two tensile specimens. The

as-quenched specimen has almost no linear region as measured by the

extensometer arrangement, and has an essentially parabolic shape. On

the other hand, the "macro" curves are both linear. The general shape of

these curves is the same for all alloys, both large and small grain sizes
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and for all heat treatments.

All the tensile data shown in the tables and figures was obtained

using 0.357 in. diameter tensile specimen heat treated in blocks of three

as described previously. However, some initial work was done using

0.250 in. round specimens ground slightly over sized, and then heat

treated. This resulted in a macro yield strength for alloy 4340 of

about 255,000 psi or about 25-30,000 psi higher. On the other hand,

the same test procedure did not result in a macro yield stress that

was any higher for alloys 4130 and 4330.

C. Microscopy

1. Metallography

Optical metallography was done to determine the as-quenched

structure of alloys 4130, 4330, 4140, 4340 and 300-M. The metallography

was done in all cases on sections cut from actual fracture toughness

specimens. The results show that there is a mixed microstructure

present in probably all of the specimens examined. These micro-

structures ranged from that of blocky ferrite, bainite and martensite,

to almost entirely martensite with just a trace of decomposition product

along prior austenite grain boundaries. All of the specimens austenitized

* at 870*C have a fine grain size, while those austenitized at 1200°C

have a very large coarse grain size with grain diameters averaging

* about 0.15 mm as compared with a grain diameter of approximately

0.015 am for the fine grain material. The fine grain size made it

difficult to resolve the microstructural constituents either in the

grains or along grain boundaries, since at a magnification of l000x

a grain would only be about 1 cm in diameter. Thus for all the fine
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grained specimens, micrographs were taken at magnifications ranging

from 1000x to ,2500x using an oil immersion lense. Theve negatives

were then enlarged approximately 2x for final printit;g.

By using EPI-Nomarski differential interference microscopy, it is

possible to achieve a much greater contrast and surface relief effect

than by using just reflected light methods. The interference technique,

abbreviated as I.C., generates contrast optically by interference of

light waves traversing slightly different optical paths. This differential

interference produces an optically "shadow cast" image, creating a

-3 dimensional affect and bringing any surface differences into high

relief. In effect, it can be used to view the surface topography within

the limits of resolution of the microscope. This technique is used in

conjunction with cross polarized light and a green filter. Thus when

working at magnification of 1000x and above, the amount of light

reaching the speciien is very small. Therefore, long exposure times

were required even when using very high speed film, ASA 800. The

combination of high magnification and long exposures made the problem

of vibration very difficult, to the point where even the shutter being

released caused enough vibrations to sometimes blur the photomicrograph.

The microstructure of the alloys studied has been characterized in the

following sections. For all the samples examined, a detailed and

extensive examination was made of many areas of these samples at least

three times. Thus It is felt that the incrographs shown in the

following sections are representative of the microstructure of the

fracture toughness specimens tested.
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a. Alloy 4340 (0.027 in. Thick Sheet)

The as-quenched microstructure for a (12000C, IBQLN) heat treated

section of 4340 0.027 in. thick is shown in Fig. 33. This structure

is fully martensitic without any trace of a decomposition product

visible.

b. Alloy 4130

The as-quenched microstructure after austenitizing at 1200C and

ice brine quenching followed by liquid nitrogen refrigeratiun is shown

In Figs. 34, 35 and 36. The large grain size of the specimens austenitized

at 1200C is revealed in these figures. The microstructure is comprised

of martensite and bainite which has nucleated along prior austenite grain

boundaries (Fig. 35). Figure 36 clearly shows hoe these platen grow

out from the $rain boundaries. Small particles can be se.n in Fig. 35

and are about 1 micron in diaster. These have been identified as

MnS particles by a microprobe analysis.

If an oil quench is used from 1200'C rather than an ice brine

quench, then a significant change occurs in the resulting microstructure.

The (1200, Oil) heat treatment results in extensive formation of upper

bainits through nucleation along prior austanite grain boundaries,

Figs. 37 through 42 (bainite is indicated by arrows in Fig. 37, 38 and

39). The alternating parallel sheaths of ferrite and iron carbide are

"clearly visible and characteristic of upper bainite.4,5

Using a step quench into oil, (1200+870, Oil) does not produce

a change in the microstructure. Upper bainite is visible again

originating frou grain boundaries (Figs. 43 and 44).
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The first microstructure so far with a fine grain size is shown

in Fig. 45. This sample was cut from a fracture toughness specimen

that had been given a (870, IBQLN) heat treatment. At first glance

there is nothing particularly distinctive about this micrograph, except

that the structure is much finer than for the large grained material.

However, a closer examination reveals that the microstructure consists

of thin plates or in some cases several plates parallel to each other

(see arrows in Fig. 45). Figure 46A is another micrograph taken at the

same magnification as Fig. 45 and again these dark etching plates

are visible. A higher magnification micrograph taken from the same

area as Fig. 46a is shown in Fig. 46B. Now the nature of these dark

plates can be more clearly identified. Figure 47, taken at twice the

magnification of Fig. 463.clearly shows the parallel arrangement

of the upper bainite laths, which have nucleated along the

grain boundariea. Tite leuths of tite bainito laths and also

of any martensite laths is limited by the size of the prior austenite

grain &ise. Thu& an ice brine quench is still not fast enough to avoid

the formation of upper bainite in the fine grained material. Finally,

a sicrograph of the sawe material but utilicing interference contrast

techniques is shown in Fig. 48. This clearly shows the bainitic

4t9t n.nature4 '5 '6 of the mlcrostructure which resulted from a (870, IAQLN)

JItuat treatment.

Tito sirostructure whic'h results from tho couuwrcia! 870%C

sustonilatLuton followed by an oil quench is shown in figs. 49 ond So.

Figure 50 reveals that this beat treatment results in the formation

of ferrite and very coarse upper balnto in which the ferrite Iaths
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are very wide. Figure 49 represents an area very near to the surface

of the specimen where the material underwent a more rapid rate of

cooling. The structure is stiUl bainite although on the finer scale

than in the middle of the spectien. The structure near the surface

of the oil quenched specimen (Fig. 49) is very similar to the appearance

of the specimen cut from the center of the (870. IBQLN) specimnus.

€. Alloy 4330

The nicrostructure of the (1200, IUQLN) heat treated fracture

toughness specimen is very similar to that of alloy 4130. The general

appearance of the microstructure of this alloy for this heat treasetm

is ohmvm in Fig, 51. It is difficult to identify vithout transmission

electron microscopy whether Whis heat treatmnt results in a fully

martensitic or mixed vartansitic and baanltic structure. However, a

4.composition product can be seen alog the sites of prior austeatte

Stein boundaries. for the (1200, O1l) heat treatment tbough, t•ha.

ae mall regios of upper b&Wte found oceasional alon prior

austenfte tran boundarle. An interferece contrast sicroeraph

(Fig. 52) ti whic• the dark etchlng region, marked by arrows cAn

actually be seeo to consIst of fy very f bely spaced parallel plaes

origSlutia from the tain bouary. The lon dark etchin plaes.

radating outward fron the Srin boundariesIs the (1200. OlL) beat

. " tretresta (ris. S3) are actually mode up of several paralel u"Its

hearacteristic of bainite. lfnalys a very fLi fUis of ferrite outliess

the grain boundary In fig. 54 for the (1200i, Oil) best tr"etmt. All

the fetures identified in Vis. S2 through 54 for the (1200, Oil) beat

treatmet emr also be found to the speciume given a (IM-800 SO Oil hea

treamamc (FI&. 53).
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The microstructure of the fine grained material given a (870, Oil)

heat treatment is shown in Fig. 56. This zicrostructure in very similar

to that of alloy 4130 in that the structure consists of both martensite

and bainite with upper bainite visible throughout the microstructure and

%uarked by the arrow in Fig. 56.

d. Alloy 4140

The microstructurt. of this alloy is shown in Figs. 56 through 62.

As with the previously examined alloys, the (870, Oil) heat treatment

resulted in the formation of extensive mounts of upper ba4Lnte

(Figs. 57A and 575). Tit l•rge grained (1200, oil) heat treatent

eliminated almost all of the coarse upper bainite features found in

the fine grained material. Occasionally a finger like or feathery type

of decomposition product waa observed. btsoples of this are marked

by trrows in Figs. 58 and 59, and also In Fig. 60, an interference

contreat micrograph,

WIhile there is not an extensive amount of dark etcthkag onastitumt

with a resolvable feathery type of morphology, there t4 a rather

extensive network of black etching plate-lIke decomposition produce

visible in Figs. 61 &*d 62. Figure 61, a bright field micrograph,

shove this network very clearly and also hewe so"e very long needle

like dark etching constiltuente rusenn completely act*os the Stain.

The surface r.l~ef effect of the same area usiug the interference contrast

technique is shown in Fig. 62. in this figure,, the two areas arked by

the arrows are heavily etched and mottl•d due to the etching of the

carbide by the nital and picral etch. Also, a close eamination revae"

that the atea marked by the lover arrow actually Ues pikeu growing
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out frmn it, whuile the area marked by the upper arrow has several

steps or ledges associated with it. Both these features are character-

istic of the bainite reaction. 4 ' 5 ' 6 The beginnings of the long needle

like rods that extend all the way across the grain are visible at the

top of Fig. 62. These too have a feathery type of appearance which

can just barely be resolved.

, Alloy 4340

Both the step quenched (12000870, Oil) and the (8/0, Oil) hest

treatment in the a&-quenched condition were examined extensively. As

in the alloy 4140, a dark etching constituent ti present along many

of the grain boundaries of the lArgm grained step quenched specimen

(Fig. 63). Figures 64 and 65 are higher magnification ,icrographe

in which the feathery type appearance is very clearly indicated by the

arroyo. FinAlly, Fit. 66 is a very high msuLfication sicrograph with

three Lmportmat features visible. First, a ferrite fils is visible

along the prior aasteatte rain bouftdry. Second, a distinctly feathery

type morpbology it clearly distingulohable and characteristic of a11

the dark etthing plate*, the most pronounced of which it varked by the

arrou at the top of the figsure. ThirS, a large inclusion is present

In the grain boundary and itomarked by as arrow.

The effect of the adhed contrast due to the differeatial inter-

ference comtrast techniques is brought out In Figs. 67 and 68 for the

(12004870, Oil) heat treatnt. Soth Pigs. 67 and 68 wre taken of the

sam esact are, with FIg. 61 ustng only onoual bright field nicrostopy

and FPI. 68 taken with l.C. technique. Note that the I.C. setup was*L. adjusted for msaimn coutrast a&W not to *how the iurface relief effect
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as was done in Fig. 62. Three areas are marked with arrows in Fig. 67,

and the same three areas again marked in Fig. 68. The I.C. technique

clearly shows the multiple parallel relief effect that exists within

each dark etching plate in Fig. 67.

Finally, Fig. 69 was taken from a section cut parallel to the

rolling direction for the (870, Oil) heat treated fracture toughness

specimen. Again, bainitic plates are distinguishable throughout the

microstructure and are marked by arrovs. Also, and most noticeable,

are the two rod-like stringoer ru•nlng nearly the entire length of the

micrograph.

Two aicrograpbs ere showr for t-his alloy. Just at ou alloy 41O40

and 43A0, a dark etching cuostituent is found along my prior austeatte

4rain boundaries of the large grated spelsmow (•iSs. 70 and 71 after

a (1200, Oil) heat treatmnt). The bright field micrograph Ln Pig. 70

does wot reveal very clearly, it at .11, the very finely sp&tcd

parallel lAth typ of arrangeseot growing out from :le grain boundary,

Uhith i# diCAtiv* of upper UaLnite, 41$56 and the individual subunits

growing out from the end of tvo plats, cheracteristic of lowr bainite.

This fine detail it, howevu, very clearly revealed in Fit. 71 by the

use of I.C. technique.

g, Fracture Path Ch~raeter.ci.s

The eaffect of upper bainite along grain boWndaries is shown In

Fit. 72. The fracture surface vas nickel plated to protect it ohile

=i. a vertical sectloo Was cut through the ftacture surface. Fracture has

occurred Intergranularly in a vtry brittle aamer aloms a prior sustenite

I-lei
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grain boundary from which upper bainite has nucleaced (Fig. 72B).

There is no plastic deformation visible along the balnite interface

and thus very little energy was absorbed as the crack front advanced.

This is in contrast to Fig. 72A in which plastic deformation is evident

.aid I i which the advaticing crack front had to chmant direct ios malty

times in the absence of any upper bailte.

2. Fracto "rahy

- An effort was made to deteraine whether an alloy that is 1O00

martensite and in which little or no autotempering occurred, is ductile

or brittle. Strips of both alloys 4140 and 4340 were cut 3 in. by

3/4 in. and ground flat to a final thickness of 0.027 in. One piece

* of each alloy v s given the comercial heat treatuent consisting of

(870. 011) while a second piece of each alloy was given A (lM0. IBQLN)

heat trtatment. lemdiately after quenchi-g each piece vas claiped in

a vi* a&d hit with a hamer. Tht result# are shova iW• tig. 73 Icr

alloy 4340. Alloy 4140 behaved in eaactly the same manner at alloy

4340. Tn& (870, Oil) heat treatont bent a full 90" vithout craeking,

while the (1200, IBQLN) hest treated piece. broke in A Completely

brittle Intergranular sanner without any bending at all. Each half of

tho brittle specimen waS perfectly flat.

A careful study of the fracture surface of the frocture toughness

specimens has been done with the use of a scatting electron alcrotrope.

The fracture morpholoSy of five alloys was examined es a function of

heat treatment. Nelarly all of the specimens *xamined showed a rixed

fracture mode morphology, wbich ranged form Latergratular failures to

qimsa-clsav,4e, to ductile rupture. in some instances the fracture
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occurred by nearly either 100% ductile rupture or 100% intergranu]ar facets.

Also the presence of particles on the fracture surface was common to

all specimens. By a microprobe analysis and also by the use of a

combined scanning electron microscope-microprobe system, these particles

were uniquely identified as manganese sulphide (MnS) stringers or

inclusions. These inclusions can be identified as crack initiation

sites and as such are detrimental to fracture toughness.

All the specimens that had been austenttized at 870*C had very

fine scaled macro fracture surface appearance, while those austenitized

at 1200'C had a very coarse macro fracture surface appearance. In

general, ali. the specimens austenitized at the higher tempexature

exhibited a combined semi-transgranular and semi-intergranular fracture

eppearance. However, both quasi-cleavage and ductile rupture were found

on both transgranular and intergranular fracture surfaces.

In every case where tempering led to a abrupt loss in fracture

toughness, the fracture morphology was found to be intergranular.

These types of intergranular faceted fracture modes could easily be

identified on a macro scale, due to the way in which the smooth facets

result in a bright shiny appearance. The specimens in Fig. 74 are

representative of the three general types of macro fracture appearence

exhihbited in alloy 4130. The specimen at the bottom of Fig. 74 vis

austenitized at 870¢C,(to give a fine grain size) quenched in oil

and tempered at 200C resulting in a fracture toughness of 53 ksi-in. 1 / 2.

The middle specimen was austenitized at 1200*C, (to give a large grain

size) quenched in an ice brine quench with L.N. refrigeration and also

tempered at 200*C. This resulted in the maximum fracture toughness
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for this alloy of 110 kai-in.1/2 The top specimen was given the same

heat treatment as the one in the middle except for the fact that it was

tempered at 350*C. This resulted in an abrupt drop in toughness to a

level of 67 ksi-in.l/2. The lower specimen is typical of a commercial

fine grain plane strain fracture toughness suriace appearance, that has

very fine details and a very flat fracture surface. The middle specimen

with the large grains has much more sough features, while the top

specimen has the same rough features but has a shiny faceted appearance.

These three specimens are typical of the macro fracture surface appearances

of the commercial heat treatment, the high austenitizing treatment

tempered to optimum toughness, and the high austenitizing heat treatment

followed by tempering in an embrittling range.

a. Morphology of alloy 4130

Typical fracture surface appearances for alloy 4130 are shown in

Figs. 75 through 80. A (1200, IBQLN) heat treatment tested in the

as-quenched condition (Fig. 75) resulted in a mixed mode of fracture

consisting of large roughly intergranular failure, regions of quasi-

cleavage, and also dimpled rupture. Figure 75A shows a region with

both an intergranular and ductile rupture, while Figs. 75B and 75C are

almost entirely ductile rupture. While these photomicrographs show several

particles on the fracture surface, particles were observed with this

treatment at the same frequency as with the other heat treatments.

Thus, the particles shown in Fig. 76 for the (1200, Oil) heat treatment

tested in the as-quenched condition, were also observed in the (1200,

IBQLN) treatment. The shape of the MnS particles are shown in

Fig. 76C and 76D. Figure 76B shows a ductile region with the end of
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MnS particles located in the center of cup-cone type features character-

istic of ductile rupture. Figs. 76C, D and E on the other hand show

a MnS particle protruding from an intergranular region. These particles

are clearly cylindrical rods or stringers which run parallel to the

rolling direction. 1ith this type of an intergranular fracture interface,

it can be seen that the material has pulled away from the particle. This

then results in a small crack forming ahead of the main crack front.

The fracture morphology of the specimen with the commercial (870,

Oil) heat treatment tested in the as-quenched condition is shown in

Fig. 77. This specimen has a fine grain size and also has fine fracture

features relative to the large grain size material. Figure 77A shows a

region containing primarily quasi-cleavage, but with small areas of

ductile rupture. On the other hand, Fig. 77B shows a region consisting

almost entirely of ductile rupture. Figures 77C and 77D again show

MnS particles present. An (870, Oil) heat treatment followed by

tempering at 350*C does not change the fracture appearance (Fig. 78B)

over that of the as-quenched specimen. However, there is evidence

that the MnS particle-matrix interface undergoes much more plastic

deformation. This results in cup-cone type dimples forming around

the inclusions (Fig. 78B).

This ability of the matrix to plastically deform around the

inclusion is also evident in the specimens heat treated to achieve

maximum toughness, [(1200, IBQLN) followed by tempering at 200*C].

Figure 79 shows this type of feature. The ability of the matrix to

flow plastically before reaching the fracture stress prevents small

microcracks from forming ahead of the advancing crack front and at the
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"same time provides a method of absorbing strain energy in the plastically

deformed region rather than dissipating this energy through the formation

of microcracks.

Accompanying the loss in toughness when alloy 4130 is heat treated

by (1200, IBQLN) and tempered at either 280*C or 350*C, is a dramatic

change in fracture morphology (Fig. 80). Tempering at 280*C results in

a pronounced intergranular type of failure combining both a very smooth

surface appearance on the facets with regions of ductile rupture also

on adjacent grain boundary facets. Tempering at 350*C results in an

almost total smooth grain boundary type of failure. Again MnS particles

are present in both cases.

b. Horphology of Alloy 4330

The morphology of alloy 4330 is characteristically different than

that of alloy 4130. For both the commercial (870, Oil) heat treatment

and the (1200, IBQLN) heat treatment for all temper conditions, the

fracture occurred by 100% ductile rupture. However, there is a

difference in the ductile rupture in each case. Figure 81 shows a

typical region of the fracture surface resulting from a (1200, IBQLN)

heat treatment in the as-quenched condition, while Fig. 82 represents

the fracture surface of a specimen given a (870, Oil) heat treatment

and also tested in the as-quenched condition. Figure 82 represents

almost a borderline situation between quasi-cleavage and dimpled

rupture. Thn dimples are very shallow representative of a minimum

amount of energy being absorbed through plastic deformation. On the

other hand, Fig. 81 shows that there is extensive plastic flow

associated with each dimple and each dimple is much larger. MnS
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particles are again present in both cases. Tempering for this alloy

does not lead to a loss in toughness and correspondingly does not

result in a change in fracture mode. The (870, Oil) heat treatment

tempered at 350 0C (Fig. 83C) now has a fracture morphology consisting

of many more elongated dimples similar to the (1200, IBQLN) heat

treatment shown in Figs. 83A and B. The increased capability for

plastic flow can be seen by observing the deep cup-cone type of ductile

failure around a MnS particle Ir fig. 83C.

c. Morphology of Alloy 4340

As described earlier, alloy 4340 is subject to quench cracking

under certain conditions. Figure 84 shows the intergranular type of

failure along prior austenite grain boundaries which is characteristic

of all the quench cracks found in this investigation. Some specimens

of 4340 showed a more than typical amount of MnS particles present

on the fracture surface. This type of heavy inclusion density is

shown in Fig. 85 for a specimen step quenched (1200870, Oil) and

tempered at 2000 C. This heat treatment resulted in a substantial

increase in fracture toughness over that of the commercially used heat

treatment, even though there seemed to be many particles present.

From Fig. 85A it is evident that this heat treatment resulted in a

mixed fracture mode consisting of rough intergranular facets, a small

amount of ductile rupture, and extensive quasi-cleavage. The normal

commercial heat treatment (870, Oil) tested in the as-quenched con-

dition is fine grained and thus does not exhibit coarse intergranular

fracture features (Fig. 86). It is almost entirely quasi-cleavage

with pockets of ductile rupture present. Each of the cleavage regions
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visible in Fig. 86A is approximately the size of the prior austenite

grain . When the (1200+870, Oil) heat treatment is tempered

at 200%C it reaches a maximum in toughness and its fracture morphology

undergoes a subtle change (Fig. 87). It still exhibits all the features

of the as-quenched specimen, that is, coarse intergranular shapes

with both quasi-cleavage and ductile rupture present. However, these

regions of ductile rupture make up a greater portion of the fracture

surface and also are more ductile (Fig. 87B) than in the as-quenched

specimen. That is, the dimples are deeper and indicate a greater

capacity for plastic flow.

A grain boundary crack can be seen in Fig. 87B. One end of this

crack is enlarged in Fig. 87C to show in detail the end of the crack

where it Joins with another grain boundary orientated approximately

at right angles to it. It is interesting to note that the adjacent

grain boundary is delineated in Fig. 87C by a finely spaced row of pock

marks which are the result of particles pulling away from the matrix

or breaking during loading. These markings form a sort of parabola

around the grain boundary and could easily have led to the initiation

of microcracks around the grain which in turn led to a tranagranular

S""quasi-cleavage fracture mode across the grain.

Ductile regions of the fracture surface are shown in Figs. 87D

and 87E. As mentioned before, tempering at 200C results in a greater

amount of deformation accompanying ductile rupture and this increased

ductility leads to a greater amount of plastic deformation around

each MnS particle.
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The embrittlement that acoompanies the step-quenched specimens

when tempered at 280*C is again characterized by a completely inter-

granular type of fracture morphology (Fig. 88). The role of MnS

inclusions becomes even more crucial in this ca-e since the grain

boundaries are capable of very little plastic flow. Thus the brittle

inclusions in the grain boundaries act as crack iiitiation sites along

a brittle interface. These boundaries then are not capable of absorbing

much strain energy and hence provide a path of least resistance for

the advancing crack front to follow.

d. Morphology of Alloy 4140

Figures 89 and 90 show the fractvre morphology of alloy 4140 for

both the (1200, Oil) and the commercial (870, Oil) heat treatments

tested in both the as-quenched and tempered conditions. Both the

(870, Oil) (Fig. 89A) and (1200, oil) (Figs. 89B-D) heat treatments

tested in the as-quenched condition appear to be almost entirely

quasi-cleavage with the large grained, specimen again showing rough

intergranular features. The fracture morphology of the fine grained

material also reveals its grain size, not due to its intergranular

type of failure, but rather dun to the regions of tranagranular

cleavage, vistble in Yig. 89A, W0hich extends across individual grains.

Also, it can be seen that grain bouodariea have pulled away from

each other in the plani perpendicular to the fracture surface. However,

upon temapering at 200C there does not seem to be any change in

fracture morphology even though the toughness increases. Tempering

the (870, Oil) specimnas at 280%C and 390*C results iW progressively

larger amounts of ductile rupture (Figs. 90A and 3). MnS particles
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are-present in this alloy also and Fig. 90P shows a particle which

has broken. However, the (1200, oil) heat treatment responds in just

the opposite way to higher tempering temperatures. As with alloy 4130

and 4340 this alloy also undergoes an abrupt morphological change to

a 100% intergranular type of failure (Fig. 90D).

e. Morphology of Alloy 300-M

This alloy provided the most clear difference in fracture morphologies

between the (870, Oil) (Fig. 91A) and the (1200, Oil) (Fig. 91B) heat

treatments tested in the as-quenched condition. The (870, Oil) treatment

results in an entirely quasi-cleavage mode of fracture, while the

(1200, Oil) treatment is almost entirely ductile rupture. Furthermore,

upon tempering the (1200, Oil) treatment at 325*C (Fig. 91C) no sign

of intergranular type of fracture morphology was observed. This agrees

with the fact that there is no loss in fracture toughness when the

material is tempered at 3259C.
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IV. DISCUSSION

The heat treatment of steel and its effects on the resulting

microstructure and mechanical properties is an extremely complex

phenomenon. The various processes, mechanisms and effects have been

t 7studied, argued and debated for hundreds of years. Today, still,

6the debate continues in nearly every aspect of metallurgy. Each

step in the heat treatment used in this investigation, the austenitization

cemperature and time, the quench medium, and the tempering temperature

afftcts the final microstructure of the steels studied. The microstructure

in turn controls all the properties that a particular alloy exhibits.

The purpose of this investigation was not to study the effects of any

one particular phenomenon or process on the properties of these alloys.

For the last fifty years people have been doing experiments in an

attempt to prove, disprove, explain or explore individual phenomenon

that occur in steels. This has led to an incredible amount of literature

dealing with nearly every aspect of the characteristics of steel. The

object of this investigation was then to utilize this information in

an attempt to develop a heat treatmeat and hence microstructure that

would result in an improvement in the fracture characteristics of

several comercial low alloy steels. Due to the complex response of

steel to heat treatment, It is difficult to discuss and interpret the

results In a general way end also difficult to discuss individual

observations and phenomenon due to their interconnectedness with other

processest At the same time that it is impossible to review all the

j theories, explanations and contradictions that exist for each area

involved in this study, it is necessary to spend some time to explain
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the possible effects of each stage of heat treatment on the micro-

structure and the variations within the microstructure itself. Then

the fracture toughness of the various alloys that results from different

heat treatments can be discussed in terms of particular microstructures.

The first stage in the heat treatment of these steels is austenitiz-

ation. The austenitizing temperature affects indirectly tb,. final

wiiicrostructure by controlling several parameters vhich play key parts

in the subsequent phase transformation during cooling. For exaple.,

a high enough austenitizing temperature can result in a very large

grain size. During subsequent cooling the grain size can play an

important role in controlliug the distribution, amount and the temperature

of decomposition products8,9 that are nucleaced f•'a the prior austenite

gra boundaries. For example, Barford and Oven8 have showm that the

time to any chosen percentage reaction of bainite less than 25Z is

directi) proportional to the uean austenite grain diameter and that

the rate of upper bainite transformation is first retarded as the

aueteniti:in8 temperature is increased from 9000C and then at high

enough temperatures, actually accelerated.

In addition to increasing the austenite grain sitze, a higher

austenitization temperature vill influence the cheacal homoagenity

of the austenite as vell as the defect structure. Higher austenitizing

tcmperaturea tend to reduce the segregation and partitLoning of

impurity and alloy elements especially that of carbon. This reduces

lean tonee that tend to transform earlier and to different structures

than the ogre highly alloyed zones. With regard to the Na tperature

and the "reaction rate" (the amount of marteosite formed per dagree
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i.0

of cooling), Sastri and West10 found that an increasing austenitization

temperature raised the 8s s8imevhat and decreased the reaction rate

while very short austenitivztion times lowered the Me and increased

the reaction rate. They concluded that the dominant factor was the

defect structure of the austenite and not the grain size.

The austenitizing temperature also effectsthe site, shape and

distribution of residual carbides. 1 1 4  Contractor et al.1 found

that for an ultra high strength secondary hardening steel, the weight

of extracted carbide. decrea"ed steadily as the austenititaing temperature

is increased frou 900*C to 150%C. anerjee15 found M2 3C6 type carbides

"present In 4340 iLtel quenthed aofter austenittuing at 80"C. Above

Wl3O'C there it little change in the weight percent of undissolved

carbide#. Uhle v&Aadium has a notorious reputation for being very

stable and difficult to dissolve, Contractor, at a1 1 showed 9SI solution

of vSastU after austAnitLainG at 1065C. Airon, ec at. 14 made a

detailed theoretical study of the dissolution of vanadium carbide and

found that vanadius carbide was quite easily distolved while co"pkIx

alloy sulphide., il1icete and oxides per•Lsted vith little dissoctatiou..

both Aaron, at 1. 14 and Uhda, at &l., 13 o studied the FV-V-C *yet* ,

refute previously published reports on the fe-V-C phase diftra. The

sount of undissolved carbides can have a pronounced effect on the

amount of martensice fornwd at any temperature.12

The second part of the heat treatsent is the qumnch or cooling

sadlun. Again, there has been an incredibly Uarge saount of work done
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on the microstructure that results during bcth continuous cooling
16-21

and isothermal transformation curves for many alloys. The rate

at which many steels are cooled, combined vith the prior history and

chemical composition, determines whether the basic microstructure

contains ferrite, pearlite, bainite, martensite to a combination of

any or all of these constituents. Entire books have been written '5

on the subject of phase transformation that occurs during quei.•hing

of steel. Short of writing another book, It is Impossible to discuss

in detail the different reactions that occurred in the steels studied

in this investigatiou. However, there is one particular phase

transformation that Serits a brief discussion.

The bainitie transforeation, vhil* discovered over forty years ego,

is still the subject of debste. 6  Toe nature of bainite, Its growth

kinetics and mechanims are still not completely resolved. The

importance of the oainitic re*ct•oa lies in its effect on the ehanical

propertli in stelas cmpar.J to martensitic steels. The. relative

merits of various types and sorphologie of baLite rel" tve to

bartetsite have beec widely discussed a4d rill be discussed here in so

far as they affect the fracture toghness of the alloys Liwolvdo,

*faittite is goenerally defined from a sicrostructural v.eWolont. P is

generally accepted that bhalate is a non lamellar aIte4gate "

"and carbide vith an acticular morphology that is aucleated 4,g #.*steuite

grain boundaries. hence, the emoutt of Stain bourt•ry surface .res, the

energy of the grain boundary, the presence of impurities, solut-e *to".,

carbides, inclusions, or high tempetature decomposition produces such

as ferrite can significantly alter the amount and morphology of btioite
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nucleated. Tbhs can then influence the reaction kinetics for the

formation of martensite and vice versa. Thus the austenitizing and

quenching procedure can control the very delicate balance between

obtaining different microstructures for a particular steel. Two

variants of bainite, t'pper and lower, are widely recognized, although

other forms do exist.2 3 The first stages of the transformation to

upper bainite consists of the formation of a lath of ferrite from the

austenite. Often, side by side ferrite laths form to result in a

24sheaf of parallel laths due to a sympathetic nucleation effect. As

the ferrite laths grow. carbon diffuses away in front of the ferrite

aust-eoate interface and usually carbides vill precipitate parallel to

the needles .or lath axis. Ioov*er, in some cases the carbon enrichment

can cause atstadte to be retained between laths. As the transformation

tupreture In the upper bainite range decreses, the ferrite laths

become mvrower because the sidevays growth of the laths is retricted

by the diffusion of ctrbo, whtile the "Lal length iU not affected.26,21

As the wount of carbon Increases, the amount- of carbide precipitation

increases and the cemantite carbide film between lathe becoae more

continuous. Two surface inveotigationz hve.ahown that upper Wainite

tormo as needle-like particles whereas lmoer bainite forso as true

plates. 8 On a single plsne of polish, upper balnite may appear as

either a s8a11 more or le" retang"ar sect ion or as lo"g needles.

These tuo different app9arances art due to -• different interactions

of the plaue of polish vith a single LIth-like particle. For sowe

orienttions, the structure can Kve an *leost pearlitic appsarhce. 2
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The morphology of bainite changes discontinuously as lower bainite

is formed. Again, two surface studies have shown that these plates

can consist of many subunits4 whereas upper bainite generally doesn't.

The lower temperature at which lover bainite forms, limits the amount

of diffusion of carbon that can occur. Hence the initial ferrite plates

that forms tends to be supersaturated with carbo. .4 This supersaturation

Is then decreased by subsequent $nternal precipitation of carbides at

an approximate angle of 60' to the ferrite plate.

Often, a distinction can be made between upper and lower bainite

from the surface relief of optical metallography. 4  Upper bainite

exhibits the multiple relief as expected from the role of sympathetic

nucleaticn of lathe rather than by lateral advance of the austenite-

bainite interface. This is consistent vith the concept that the lath

boularies. are semi-coherent interfaces and should be imobile. 24  Lower

bainite, on the other hand, exhibit# a single uniform surface relief.

The plate" grow slowly in length and generally thicken from only on*

side.

U The subject of the bainite transformation it actually a microcoam

of metallurgy since it covers the whole range of rranasformation and

precLpitation reactious includiug both diffusion controlled and, shear

nucleation, precipitates on interfaces, dislxatious and grain

boundaries, and involvea the cooperative. growth of both precipitate

and major phase.

The object of this investigation ws to study the effects of viriotts

microstructures on the fracture properties of several alloy steels.

"UtlJUzing the cozcepts touched upon in the preteed4ng paragraphs, on

i .• L.' ¾'"]1. .. '•'
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some particular aspects of the heat treatment and phase transformations

in steels, it now remains to interpret the observed fracture toughness

results of this study in terms of observed microstructural features.

The fracture Loughness of high strength alloys has been studied by
30-48

many people in the last few years. These inveatigations generally

compared the fracture toughness of different alloys as a function of

tempering temperature and/or strength level. Some compared fracture

toughness of different microstructures. 3 0 -3 7 However, all used accepted

heat treatment procedures which in this case consisted of oil quenching

after austenitizing from 850-870*C. There have been several attempts

to determine whether a fully bainitic structure has a higher fracture

toughness than fully martensitic structure. 3 0' 3 4' 3 7 However, these

studies have relied upon Charpy impact data which in many cases is not

sensitive enough to measure changes in toughness due to fine micro-

structural changes, while others attempted to compare different

structum such as bainite and martensite which were produced by changing

the chemical composition of the alloys.

It is interesting that there are two cases where increasing the

austenitizing temperature and hence increasing the grain size has

been reported to increase the fracture toughness. Backofen and Ebner 4 9

investigated the effect of austenitizing temperature on the fracture

toughness of 4340. They reported that increasing the grain size from

0.008 in diameter to 1.1om in diameter generally led to an increase

in toughness except for the very coarse grain size. They, 4owever,

offered no explanation for these findings. In another study50 an effect

of the quenching temperature was studied on Impact resistance. Low
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alloy cast steels were quenched from between 860C and 1100*C. The

best impact resistance was found to occur after austenitizing at high

temperatures and quenching in water.

The toughness of alloy 4130 has been reported4 1 to be 100 ksi-in.1/2

for a 1/2 in. thick plate tempered to a yield strength of 158,000 psi,

while the toughness of alloy 4340 has been widely studied3 8 ' 3 9 ' 4 2 4 7

and its fracture toughness determined as a function of strength.

Similarly, the fracture toughness has been reported for alloys 4330,32

4140,39 and 300-M.44'45 The values reported for these alloys generally

agree with the val'ies obtained in this study for the commercially

heat treated specimens at the strength levels reported. It is impossible

to compare with published reports, the as-quenched fracture toughness

determined in this investigation because "as-quenched" martensite is

40historically very brittle and never used. These beliefs are correct

in that as-quenched, untempered martensite is brittle, as shown in

Fig. 73. However, their conclusions are fortuitous since few materials

in thick sections contain only martensite and also the martensite that

does form is always auto-tempered. Indeed, even today with very

accurate and high resolution techniques available for determining

structure, steels such as 4340 are assumed to be fully martensitic

when quenched in oil. The results of this investigation have shown

that this is not true. On the contrary, all the alloys studied

contained some bainite after austenitizing at 870*C and oil quenching.

The reason for poor toughness is not that these structures contain

brittle untempered martensite as generally believed, but because they

,•G • ••;•..•......... ..... Lo.:.,•,.,.•k•:.•,•z,•',•' '• 3•'•':'••'••::•:'•'••!••............ "'............ + '•>•"" : • . . . .• '
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contain upper bainite consisting of laths of soft ferrite

surrounded by an extremely hard film of iron carbide. It hap

been shown that the cleavage stress is very low in alpha (ferrite) iron

and that microcracks propagate by cleavage in ferrite.51 Thus, these

alloys heat treated by an (870, oil) treatment contain exactly the

worst microstructural constituent for resisting fracture. The fracture

morphology confirms this in Fig. 89a where the fracture has propagated

ay transgranular cleavage from grain to grain, consistant with the fact

that upper bainite laths extend across the grain diameter.

Also, it is apparent from the results of alloy 4130, that just

increasing the cooling rate from oil to IBQLN does not prevent the

formation of upper bainite. It is necessary to utilize a high

austenitizing temperature too. By combining both the high austeni-

tizing temperature and the (IBQLN) the maximum toughness is achieved.

Although a mixed microstructure is still present, the presence of

upper bainite seems to be eliminated with only lower bainite and

martensite present. Eliminating the upper bainite perferential

cleavage sites results in an increase in toughness from 55 to

100 ksi-in. /2. However, if the cooling rate is lower by using an

oil quench, then extensive amounts of upper bainite is again observed

along prior austenite grain boundaries and is accompanied by a

corresponding drop in toughness. The presence of upper bainite along

grain boundaries provides easy sites for crack initiation and propa-

gation with very little need for plastic flow (Fig. 72) and hence

very little energy absorption.
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The presence of a mixed nicrostructure has been considered

deleterious to the fracture toughness of alloys.32 However, the

results of this investigation show that a mixed microstructure need

not be detrimental. In fact, Liu5 3 , shoved that the fracture path

in lover baiuite was much more jagged than through nartensite. Thus

the presence of lover bainite and martensite can lead to a good

fracture resistance microetructure. It has recently been shown53 that

a large grained, fully martensitic 0.3 vtX carbon alloy also has

excellent toughness equivalent to that of alloy 4130 for the same

(1200, IBQLN) heat treatment. Thus for these two alloys, at least,

there does not seem to be any effect on toughness due to a mixed

microstructure of lower bainite and martensite, instead of a fully

auto-tempered martensite microstructure.

Within the limits of detection by X-ray diffraction using copper

radiation and a crystal monochromator, no retained austenite was

detected in any of the alloys, except for the alloy 300-M for which

an austenite peak was barely resolved. Preliminary transmission electron

microscopy on 4340 has revealed that some retained austenite is present

between the individual laths. Depending on the amount, the stability,

and the distribution of retained austenite present, it can contribute

to the fracture toughness of an alloy. The (1200+870, Oil) and the

(1200, 011) heat treatment for 4340 and 4140 respectively were modified

to include an immediate refrigeration in liquid nitrogen. Similarily

for 4130 a (1200, IBQLN) heat treatment was modified to a (1200,

IBQ) treatment without liquid nitrogen refrigeration. In each case,

the fracture toughness was not affected. On the other hand, a (1200,

Oil+L) heat treatment for 300H as opposed to a (1200, Oil) treatment

did seen to result in a drop in the fracture toughness which
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suggests that retained austenite may play an active part. However,

a very careful examination of the amount of and distribution of retained

austenite as well as additional testing is necessary before the role of

retained austenite can be accurately determined.

It is interesting that for alloys 4130, 4140 and 300-M the step

quench into oil heat treatment (1200870, Oil) does not result in as

high a fracture toughness as did the direct quench into oil, (1200, Oil).

Both tie direct and step quenched structures revealed thte presence of

some bainite, but it is very difficult to tell conclusively whether

one structure contained more bainite than the other. Also, 870*C is

above the temperature where any precipitation should occur in these

alloys. Thus the change in toughness can not be attributed to a

precipitation reaction. While not attempting to define what the mechanism

is, it is possible to speculate as to several possible reasons. First,

it is possible that the added homogeneity that is gained by austenitizing

at 1200°C instead of 870°C as normally done, is lost by a re-segregation

or re-partition of elements along grain boundaries or In pre-precipitation

clusters that form when the material is stepped down to 870°C again.

Alternately, it is possible that by quenching directly from 1200°C, the

defect structure (i.e., quenched in vacencies) is altered, which could

alter the mechanisms involved in plastic flow. In addition to the drop in

toughness experienced, when these alloys are step-quenched, they also

undergo a drop in toughness if the alloy is directly quenched after

austenitizing at 1100°C and not 1200C. Contractor10 has shown that

there can be a reduction in the amount of residual carbides present

by austenitizing at 1200C rather than 1100%C. Thus it is possible

.
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that this could lead to more alloying elements in solution and hence

greater "hardenability".* Alternately, there may be a significant

redistribution or change in the partition of elements not tied up in

carbides that occurs between 1100 and 1200C.

There are three additional areas which need to be discussed.

These are: 1) the role of inclusions on the fracture toughness,

2) the cause of the catastrophic drop in toughness when certain alloys

are tempered above 200*C, and 3) the very low micro yield strength

exhibitad by all the alloys in the as-quenched condition.

The role that inclusions play on the fracture toughness has been

extensively studied for btittle and ductile alloys.55-64  It bas been

shown many times that increasing the sulphur content reduces the

fracture toughness. The reason for this can be readily explained by

referring to the scanning electron fractographs that show MnS particles

on the surface. These particles were observed in both ductile regions

and on intergranular facets and are rod-like stringers running parallel

to both the. rolling direction and the bar surface. Hence,v hile these

inclusions are ductile at the forging temperature, they are brittle

at room temperature. Thus when a load is applied during the fracture

toughnees test, these particles may break and form a microarack. If the

inclusion is not located on a brittle interface such as a grain boundary,

then ductile flow may occur and failure proceeds by ductile r'rpture in

a cup cone type of pattern. On the other hand, if the particle is

situated on a brittle grain boundary, then the microcrack that forms

Hardenability in this concept refers to bainite fardenability and not
pearlite hardenability.54

.
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as the particle fractures can initiate a cleavage crack along the
-- :•51-6 5

grain boundary. In either case, the MnS particle causes the

formation of a microcrack which can lead to either a ductile type of

failure which absorbs strain energy through plastic flow or a brittle

type of failure which dissipates strain energy by formation of cleavage

cracks. Both cases, however, are detrimental to toughness. It is

possible to alter the shape of inclusions through rare earth additions. 55 ' 5 6

Additions of cerium can result in globular shaped inclusions which can

lead to significant increases in toughness. The same effect would be

expected through prolonged holding at very high temperatures. However,

there is no apparent difference in the inclusion morphology between

the 870'C and the 1200C austenitizin treatments for the alloys studied

in this investigation.

The change in fracture toughness with tempering, however, is not

so clearly understood. The drop in toughness that several of the

alloys studied in this investigation undergo when tempered above

200%C (400*F) is comnon to many alloys, and is termed "1$00*F tempered

martensite embrittlement". This embrittlement always results in an

intergrauular type of failure and has been the the subject of many

investigations. 57,63 ,57-78

A general review of the various theories ug to 1966 has been

44
presented by Buchler, et al. In the last fjur years, with the wide

spread use of auger electron emission spectroscopy, various theories

of martansite embrittlement due to the interaction of impurity elements

with the austenite grain boundaries have been proposed which utilizes



auger analysis. To date, there is no unified theory to explain all the

observations reported. However, there ave three general categories

into which theories fall. First, there is the belief that the carbide

film which develops during tempering fails in a brittle manner along

austenite grain boundaries. Second, there is the theory that it is

the ferrite film that forms adjacent to the carbide film which, when

subjected to triaxial stresses, fails by cleavage. And third, there

is the impurity segregation theory which in general, hypothesises

that the surface energy along grain boundaries is reduced by the

presence of certain impurity elements. Unfortunately, most of the tests

for embrittlement were Charpy impact tests; some done at low temperatures

and some one at room temperature. These factors along with the many

different alloys used, make it very difficult to try to explain any

particular result in comparison to others. It is impossible to reach

any absolute conclusions based on the results of the current otudy

thus far, but there are several important results that will be discussed

in conjunction with both the ferrite film theory and the impurity theory.

by referring back to the fracture toughness vs tempering temperature

curves for the different alloys studied, several observationa can be

made. First, alloys 4130, 4140 and 4340 suffered embrittlement when

heat treated to produce a large grain size and then tempered above

200"C. Second, alloys 4330 and 300-4 did not show this type of

catastrophic failure. Third, while the fine grained 4330 alloy

exhibited an increase in toughness during the initial tempering treat-

ment, the alloy 4130 showed no response for the same heat treatment

i .T5
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conditions. Fourth, when an alloy did embrittle, its level of toughness

dropped all the way down to the level of the fine grain commercial

heat treatment. These results are all important and tend to point

towards certain possible conclusions.

The only two alloys that did not show a tempered martensite

embrittlement reaction were the two alloys containing vanadium. Alloy

300-H did contain silicon which has the well known79-80 effect of

retarding the formation of iron carbide. Since this has possible

effects on the embrittlement phenomenon in addi'tion to the vanadium,

only alloy 4330 will be compared to the alloys that did exhibit an

embrittlement. If one considers the possible effects of vanadium on

the ferrite film, carbide film, and impurity theories of embrittlement,

an arguement can be rationalized for each. The vanadium may alter

the carbide reaction such that it would prevent continuous films from

developing, which would also present ferrite films from forming or it

could alter the impurity distribution and hence change the critical

surface energy balance between grain boundaries and the matrix, in

favor of the matrix. Thus resulting in a tranegranular failure path.

By Itmiting ourselves to just the first two initial observations,

then it is impossible to favor any one theory. However, by Jumping

ahead to the fourth observation an isportant point can be made; that

is, that in the embrittled specimens, the toughness drops to the level

of the fine Prain microstructure containing upper bainita, which consists

of laths of ferrite connected by carbide films.. In addition, the

fractographs show that the embrittled fracture mode is an intergranular
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type of cleavage and that for the fine grain material containing upper

bainite, the fracture mode was also that of cleavage only along ferrite

lathe instead of along grain boundaries. This then suggests that as

tempering preceeds, the ferrite film thickens until a critical thickness

is achieved which enables cleavage to initiate in the ferrite.

The lack of response of the fine grained (870, Oil) alloy 4130

to tempering as compared to the other alloys can be explained Lu light

of the fact that its extremely low alloy content and low hardenability54

results in an almost entirely bainitic structure, which, since it

already consists of an aggregate of ferrite and carbides., would not be

expected to show any response to low tempering temperatures that

produce a carbide precipitation in martensite. On the other hand, the

more highly alloyed steels contain primarily martenaite with

sowe bainite present. This results in an increase in toughness

when they are tempered due to relaxation of strain in the martensite

and the beneficial effect of a slight amount of discontinuous pro-

cipitation. The tensile test results are the last results which need to

be discussed.

The values of the yield stress obtained for an alloy is a

relative value, since it depends on the techniques used to measure It,

the sample sire and the way in which it is defined. Due to the

widespread comercial use of the alloys used in this study, there .are

many reports which include the yield strength of several of these

alloys as a function of tempering temperature. These published

values fall Into two categories, one being that the as-quenched yield

streagth is very low, and the other that the yield strength is very
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high and at a maximum in the as-quenched condition. Unfortunately,

very few papers tell the method used in determing their observed value

other than the size of the specimens. Bucher, et al.45 reported that in

the as-quenched condition 4340 has a yield strength of 233,000 psi

and that 300-M has a yield strength of 240,000 psi. Klinger, et al. 33

have reported that 4340 has an as-quenched yield strength of 240,000 psi,

while 4330 has an as-quenched yield strength of 220,000 psi. Hall.8 48

on the other hand, reports that the yield strength of as-quenched

4340 is high, while 300-H has an as-quenched yield strength of about

160,000 psi. Shih, Averback and Cohen 80 have reported that both 4340

and 300-H have low yi4ld strengths of about 160.000 psi when tested

in the as-quenched condition. Most reports, however, agree that the

yield strength increase to a maxim when tempered at 200C. There

have been several studies which investigate the occurrance of ictro-

yielding in alloys81-83 using very sensitive techniques such as etch

pit observations and highly sensitive eatensometers. Etch pit techniques

give information about individual slip bands, their distribution and

density, but does not reveal a quantitative picture of their cumulative

effect. Highly sensitive extensometers, on the other hand, measure

cumulative aicro-displacem.nt at each strets.

Kany times ms•roscopic yield strength data has been used to

explain strengthening mechanisms based on very specific dislocation-

precipitation interactions. The discrepancies that surround the yield

strength of these alloys are important when conmidertug whether marteosite

containing carbon in solution is hard or soft, or when applying linear

elastic fracture mechanics concepts to alloys where the actual yield
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stress may be as much as 75,000 psi lower than comonly believed.

There are two theories governing the flow stress of as-quenched

martensite. First, that dislocation motion is difficult because of

lattice resistance due to solid solution 8fet!3,84inwchas

the macro yield stress would be close to the macroscopic yield stress.

The second theory is that the micro-yield strength is very low, but

that a very high rate of work hardening results in a very high macro-

yield strength. 8 5 ',8 6

Johnson. o t al. 87 have shown that the as-queached structure doss

evchibit a very low~ yield stress and that the stress-strain curve is

essentially shape4 like a parabola.. Also. they reported that the initial

portion of the~ curves are Inseansitive to the carbon content, and that

the effect of carbon only manifests Itself in the macroscopic range.

They conclude that the Lattice rtsistance from carbon in solution Is

small and that the hibh mactroscopic yield str##gth result* from a

rapid rate of. strain hardening involving a large number of. dislocatious

initroduced during traosformation. Vurthermor#, both Kessler, et aiA.

and Asellet a 9
and nst~, etal. have reported that very high quenching rates result

in marked softening of as-oweached sartensIto. They have cwncluded

that-if the quenching rate Is fast enough, carbon segregation In the

austeatte can be avoided and also the re-arrangement of carbon atoms

to dislocations during quenching can be preveted.

The results obtained In this investigAtioa haive shown that the

as-quenched yield strength is Indeed very low, vith thte sttees strain

curve having no teal linear region. Nottevur, as the material Ua
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tempered the stress strain curve straightens out until, at high enough

tempering temperature, a definite yield point is observed. At these

higher temperatures the yield point is pronounced enough so that even

un the load vs stroke curve the yield point is observed. Thus for

these conditions an accurate estimation of the yield strength can be

determined without the use of an extensometer. It has also been shown

in thIs study that, if for the load vs total crosshead or stroke

control method dcscribed earlier, the error due to the displacement of

the lcadiznr in the grips and threads Is subtracted from the total load

vs croashead umovement, then the difference betveen the micro and macro

yield stresa is reduced by an averaSe of about 502.

The discropencita in the yield ttrength of the .s-quenched materials

that appear in the literature c"n be explained from the results obtetned

in .hie tarrvntigation. Pirst, by just using total crosthead sovesment,

enormous errors cia be introduced. Rowever, in may ca*s, the maosured

yield strength in a4ch report may be accurate * but thoe still say be

large differences *tr report to report. This can be enplainet on the

Sfotiusg 4044i,- If. Une C;aeidars that 14W tempering te"perAture

( up, t to 2000C) result. in en increase Sa strength tor these alloys,

the the same rtasonfing can be appiied to the as'queached spciins.

That it, &glia can occur at los teMpetrtur-e. bolow room temperature,

and In tow cases le4ay to higher yield strengt• . Also, the exact

wty La vthicih the Specime.t is que:nhd from the auste-,n1tting te erature

ca4 af(ect the yield strength. The cooingt ate in uater Is ettrmely

seaitive to the watsr temperature. Sisilarly, the siae of the speciten



-57-

affects Its cooling rate. These factors all contribute to the observed

yield strength in that they affect the amount of aging and hence

strengthening that occurs in tho specimens. This is reflected in the

results of this study in that 1/4 in. round tensile specimens machined

and then heat treated resulted in a macro yield strength 25,000 psi high,.=r

titan for 3/8 in. round tensile saecimens cut from a previously beat

treated plate for alloy 4340. Variotions in procedures such as these

not only can change the amount. of auto trnpering that occurs, but can

involve the teaing ot totally differtmt structures in each case.

Oftentimes, people t4:t the yield strength of material using very amsall

specluens and then do fracture costs on much lurger specimens while

assuiLng the streugth is the asme for both cases, Not only Aay the

strength be different, but the entire structure may be different.

Finally, for the alloy 4340, three duplcate :eoats w•e done at a later

dot* than tht rest of the specimens a#.d are mark"d by an atterick In

the table. Thes spectsio vere a•,chined from square stock Instead of

Weing ground while flooded with rater. They %wre. however, made from

the saw piece of' bar so that thoy have the saae composi"tWo as the

others. The "wicro" yield streangths of these alloys tested in the as-

quanched condition vw. Cound to be such higher than for cle specimens

tooted earlier that uere ground. This 1.6 probably due to more heat

being generated by Owe t"l bit, rtultIP# In a larger aawunht P

teowering ocivarring. This then illnustsstes tov itnai point that the

as-quenched yield strength Is extreaely semltive to "all changes Wn

the preparation, heat treatment, and teasting program. Thea the stAtter
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in the reported yield strength data can be expected. This is un-

fortunate and can be very misleading. For example, many people compare

fracture toughness of different alloys based ort equivalent yield strength

levels. This can lead to erroneous conclusions and misconceptions

as to which microstructure or alloy has better toughness.

-. A•aL~"
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V. SUMMARY AND CONCLUSIONS

This investigation has shown that while the as-quenched and low

tempered fracture toughness of several commercial alloy steels is

very low, large increases in the fracture toughness can be achieved

by altering the heat treatment. This is due to a microstructure which

is much more resistant to fracture. Many important conclusiors have

been reached. These are summarized below, although not in any

* .particular order of importance.

1. The term tempered martensite should not be applied to these alloys

as they are normally heat treated.

2. The normally used heat treatment for all alloys results in a mixed

microstructure consisting of either blocky ferrite, pro-eutectoid

ferrite, upper bainite, lower bainite or auto tempered martensite

or some combination of these.

3. It was not possible to avoid some decomposition product along prior

austenite grain boundaries in a 5/8 in. thick fracture toughness

specimen for ady of the alloys investigated.

4. A mixed microstructure does not necessarily imply poor fracture

toughness.

5. The fracture toughness of all the alloys investigated can be

substantially increased by austenitizing at higher temperatures

than normally used.

6. A higher quenching rate when used in conjunction with an increased

austenitizing temperature can further increase the toughness fur

some alloys.

- ..* ...... ............
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7. The Charpy V-notch impact test is not sensitive to changes in

microstructure which significantly alter the fracture toughness

of the alloys.

8. There is no correlation between Charpy V-notch impact test and the

plane strain fracture toughness for the alloys investigated.

9. The alloys .without vanadium exhibited a severe intergranular

embrittlement when tempered above 200*C, while those alloys that

contained vanadium did not show any signs of embrittlement.

10. The as-quenched tensile specimens had very low micro yield strengths

which rapidly approached the macro yield strengths when slightly

tempered.

11. A 100% martensite untempered structure Is brittle.
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Table I1. Hearin4g data frog room temperature to 1200*C, and

furnace cx1;tI•g datq from 1200'C to 870'C.

Taken frots the ridsection of a fracture toughness

specitbn 5/8" chick.

RDn I Run 2

Time Thearwcouple Time Thermocouple Tlle

A a A B

Temp. Temp. Temp. Temp. Temp.

(sec.) (see.) %

0 27 27 0 26 23 0 1W04
30 484 482 8 128 126 15 1093
45 553 U49 is 183 180 .60 1007
60 609 603l 22 234 233 90 974
i7 659 654 30 265 282 120 949
90 698 694 37 3M1 330 1.0 929

105 7 33 728 4 38M ISO 92-1
120 744 743 52 04 f$ 210 907
135 761 756 60 459 4508 240 899
150 804 400 68 4-96 493 270 "893
165 855 "848 7i5 *,I ilt 300 889
180 897 893 82 556 -.7 360 *79
'19$ 928 923 90 M574 58 420 874
110 957 754 9. 604 618 480 871
225 979 972 05 14 642 540 869
240 997 992 117 651 664
22$ 1022 1013 1 U, "671 6"6
NlO 10)4 1031 15 715 717
285 1052 a0o8 V%0 743 742
"300 107i .106 165 754 754
315 1079 1076 180 791 786

30 1092 1w 195 847 843
345 1101 Ail"- -110 893 892
360 1111 1109 225 934 932
375 1119 4117 240 965 967
390 117a 112% 255 992 997
405 1135 1133 270 1019 1020
420 114) 1142 285 1041 1041
0•0 1151 1151 300 1058 1059
480 1159 1159 315 1074 1076
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Table Ii. Continued

Run I Run I Run 2

Use TIhersocouple Time Thermo couple Time
A I A B

Temp. Temp. Temp. Temp. Temp.

(sec.)e C c (sec) "C 0C (sec.) C

$IQ 1167 1167 330 1088 1089
U0 1174 1173 345 1100 1101
570 1177 1177 360 1110 1111
620 1182 1181 375 1120 1122
630 1182 1182 390 1128 113,0
660 1181 1181 405 1136 1138

"420 1142 1143
435 1149 1151
450 1153 1156
465 1157 1161
480 1162 1166
495 1167 1169
510 1169 1171

i,
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Table III. Oil and water quench cooling data from midsection

of a fracture toughness specimen 5/8" thick.

Oil Quench Water Quench Oil Quench Water Quench

from 1200(C from 1200*C from 870'C from 870*C

Time Thermocouple Thermocouple Thermocouple Thermocouple

A B A B A B A

(sec.) 0C 0C 0C 0C 0C 0C 0C 0C

0.0 1217 1210 1214 1214 879 879 883 883
3.0 1209 1202 1201 1210 868 847 824 852
6.0 1193 1192 1151 1168 798 783 646 703
9.0 1154 1151 1015 1042 707 718 513 527

12.0 1091 1091 861 892 619 632 405 388
15.0 1023 1028 665 708 543 526 291 276
18.0 945 954 476 532 483 493 202 177
21.0 759 764 379 408 421 416 113 116
24.0 726 746 230 259 347 '353 90 86
27.0 621 626 153 172 298 293 78 78
30.0 527 532 107 126 263 251 71 64
33.0 471 461 93 93 231 219 64 59
36.0 409 425 78 86 208 197 57 59
42,0 309 330 66 66 178 166 49 57
48.0 237 241 57 57 157 147 44 49
54.0 199 194 142 130
60.0 176 162 41 50 129 126
66.0 164 154 122 118
72.0 152 142 122 107
78.0 139 133 104 101
84.0 133 126 104 101
90.0 126 117 101 96

150.0 107 100 80 70
180.0 100 86
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Table IV. Ice brine quench cooling data from midsection of a
fracture toughness specimen 5/8" thick.

Run 1 Run 2 Run 3

Thermocouple Thermocouple Thermocouple

Time A B A B A B

'emp. *remp. Temp. Temp. Temp. Temp.

(Aec,) C °C C C °C 0C

0.0 1187 1191 1204 1201
0.8 1186 1184 1186 1191
1.5 1184 1184 1186 1189
2.3 1184 1183 1183 1186
3.0 1183 1181 1176 1181 1192 1108
3.8 1176 1174 1162 1166
4.5 1156 1159 1129 1134

5.3 1099 1101 1053 1033
6.0 981 985 940 948 919 941
6.8 870 868 828 838
7.5 778 776 729 738
8.3 689 681 644 651
9.0 613 603 568 575 669 674
9.8 546 538 503 513

10.5 487 481 450 460
11.3 434 428 411 421
12.0 373 369 387 397 466 482
12.8 360 356 368 379
13.5 342 336 354 365
14.3 322 319 335 346
15.0 309 309 309 323 308 357
15.8 291 285 279 296
16.5 268 265 252 269
17.3 223 223 227 244
18.0 205 207 209 223 202 242
18.8 191 193 189 204
19.5 179 180 177 188
20.3 166 168
21.0 153 156 151 159 142 161
21.8 142 147
22.5 128 134 129 141
23.3 121 121



-74-

Table IV. Continued

Run 1 Run, 2 Run 3

Thermocouple Therrn'icouple Thermocottile

Time A B A B A B

Temp. TemTp. Temp. Tep. e. enp.

(sec.) Oc °C Oe aC °c *C

24.0 117 114 128 99 87
24.8 112 108
25.5 109 104 126
26.3 104 99
27.0 101 98 126 80 73
27.8 97 96 125
30.0 64 57
33.0 49 44
36.0 41 33
42.0 33 28
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Table XIII. Room Ltmperature Charpy V-notch impact properties.

Austenitizing Quench Tempering CVN Impact Energy (ft.-lbs)
Temperature Temperature Alloy Alloy Alloy Alloy Alloy

OC c 4130 4330 4340 300-M D6-AC

870 Oil A Q 8.0 11.5 7.5 5.8 4.2
5.9 12.7 6.1 6.8 4.8

115 8.5 20.4 9.0 7.4 5.7
11.9 25.5 9.9 8.6 6.9

165 17.3 28.2 11.5 10.5 6.6
20.0 27g. 1 19.3 9.6 7.0

200 8.0 26.1 15.2 11.6 8.5
11.3 19.0 16.4 17.0 9.3

280 7.8 26,2 15.0 10.4 6.7
10.1 17.7 13.0 10.6 6.6

350 12.6 16.9 17.4 8.5 6.9
12.7 20.0 16.7 11.7 6.4

1200 Oil A Q 8.4 17.5 5.7 5.5 4.2
6.6 20.0 5.4 4.2 4.8

115 13.8 10.3 4.6 5.7
"16.5 7.4 4.4 6.9

165 15.1 14.5 6.2 6.6
18.0 17.0 10.4 7.0

200 1/.,1 27.7 10.5 8.0 8.5
1P ":1 29.7 10.9 10.9 9.3

280 6.0 4.9 6.7 6.7
7.0 22.3 4.2 10.4 6.6

350 9.9 18.2 4.3 6.9 6.9
6.8 15.8 5.1 10.3 6.4
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Tahle X111. Continued

Austenitizing Quench Tempering CVN Impact Energy (ft.-lbs)
Temperature Temperature Alloy Alloy Alloy Alloy Alloy

0C 9C 4130 4330 4340 300-M D6-AC

1200-870 Oil A Q 8.0 17.2 5.4 4.4 3.7

6.6 18.2 6.0 3.8

115 11.3 8.0
7.9 11.1

165 10.8 8.7

12.7 11.9

200 9.3 25.0 8.6 6.4 7.3
6.2 23.0 8.8 6.0 6.7

280 4.3 8.7 5.9 5.9 5.3

4.5 1.3.6 4.8 5.2 5.4

350 3.4 10.7 5.5 6.4 6.3

4.1 11.2 4.4 8.5 6.3

1200-870 Water A Q 5.7 14.3 2.5
6.8 13.3 2.7

115 10.2 16.7

11.1 15.3

165 19.1
21.8

200 P.4 24.7 6.3

13.2 24.3 5.8

280 4.1 13.0 5.5 %
4.9 15.8 5.6

350 5.0 11.7 6.8

5.9 10.6 7.0
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Table XIII. Continued

Austenitizing Quench Tempering CVN Impact Energy (ft.-lbs)
Temperature Temperature Alloy Alloy Alloy Alloy Alloy

0C 0c 4130 4330 4340 300-M D6-AC

1200-870 IBQLN A Q 7.1 14.0 3.6
7.0 17.0 3.7

115 4.2

165 7.6

200 11.9 22.3 6.7
12.0 19.5 6.5

280 4.7 9.8 4.4
4.4 13.4 4.9

350 7.6 12.7 5.0
6.3 10.7 6.0

1200 IBQLN A Q 16.9
8.7 16.7

115 11.8
16.1

165 18.6
20.8

200 14.9 26.3
14.5 30.5

280 7.6 22.5
7.0 14.6

350 7.5 11.0
6.1
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TabLe XlIllI. Conttulued

Austenitizing Quench Tempering CVN Impact Energy (ft.-lbs)
"Temperature Temperature Alloy Alloy Alloy Alloy Alloy

OC OC 4130 4330 4340 300-M D6-AC

1200 Water A Q 10.4
10.1

115 10.5
12.7

165 17.7
16.8

200 17.4
17.6

280 6.6
5.0

350 5.7
6.5
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FIGURE CAPTIONS

Fig. 1. Vertical tube controlled atmosphere furnaces used to austenitize

test specimens.

Fig. 2. Schematic of a fracture toughness specimen in which two

thermocouples were placed, in order to measure midthickness

cooling rates.

Fig. 3. ASTh specification for compact tension fracture toughness

specimens.

Fig. 4. Schematic of the orientation in which Charpy V-notch blanks

were cut from the bar and wired together for heat treatment.

Fig. 5. Schematic of the orientation in which tensile specimen blanks

were cut from the bar and wired together for heat treatmenL

before being ground to size.

Fig. 6. ASTh specification for Charpy V-notch specimen.

Fig. 7. Schematic of the orientation of the final Charpy V-notch

specimen relative to the blank specimen and the bar.

Fig. 8. ASTM specification for 3/8 in. diameter round tensile specimen.

Fig. 9. Dual extensometer arrangement used to determine the "Micro"

yield strength of the tensile specimens.

Fig. 10. Apparatus used to calibrate the output of the extensometers,

ampliers and x-y recorder.

Fig. 11. Crack opening displacement, v, vs crack length, a, calibration

curve.

Fig. 12. Temperature vs time during heating fro room temperature and

cooling from 1200C to 870°C measured at the midsection of

a 5/8 in. thick fracture toughness specimen.
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Fig. 13. Temperature vs time during quenching from 870*C in either

oil or water measured at the midsection of a 5/8 in. thick

fracture toughness specimen.

Fig. 14. Temperature vs time during quenching from 1200*C into either

oil, water or ice brine measured at the midsection of a 5/8 in.

thick fracture toughness specimen.

Fig. 15. Schematic of three general types of load vs crack opening

displacement curves obtained from fracture toughness tests.

Fig. 16. Plane strain fracture toughness vs tempering temperature

for 4130.

Fig. 17. Plane strain fracture toughness vs tempering temperature for

4140.

Fig. 11. Plane strain fracture toughness vs tempering temperature

fUr 4330.

Fig. 19. Plane strain fracture toughness vs tempering temperature

fur 4340.

Fig. 20. Plane strain fracture toughness vs tempering temperature

for 300-M.

Fig. 21. Plane strain fracture toughness vs tempering temperature

for 3140.

Fig. 22. Charpy V-notch impact energy vs tempering temperature for 4130.

Fig. 2.3. Clarpy V-notch impact energy vs tempering temp,.rature tor 4330.

Fig. 24. Charpy V-notch impact energy vs tempering temperature for 4340

and 300-M.

Fig. 25. Charpy V-notch impact energy vs tempe,Ang temperature for D6-AC.
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Fig. 26. 'Micro" and "macro" yield and ultimate strength vs tempering

temperature for 4130.

Fig. 27. 'Micro" and "macro" yield and ultimate strength vs tempering

temperature for 4330.

Fig. 28. 'Micro" and "macro" yield and ultimate strength vs tempering

temperature for 4140.

Fig. 29. 'Micro" and 'macro" yield and ultimate strength vs cempering

temperature for 4340.

Fig. 30. 'Micro" and "macro" yield and ultimate strength vs tempering

temperature for 300-M.

Fig. 31. "Micro" and "macro" yield and ultimate strength vs tempering

temperature for D6-AC.

Fig. 32. Typical stress-strain curve for both an as-quenched specimen

and a specimen tempered at 350C, (A) "micro" stress-strain

using extensometers, (B) "macro" stress-strain curve using

crosshead movement.

Fig. 33. As-quenched martensitic structure of a 0.027 in. thick section

of 4340 after austenitizing for 1 hour at 1200C and ice

brine quenching followed by refrigeration in liquid nitrogen

(1200°C, IBQLN) heat treatment.

Note: All micrographs were taken from sections cut from the middle of

fracture toughness specimens, except where noted.

Fig. 34. As-quenched microstructure of 4130 after a (1200°C, IBQLN)

heat treatment.

Fig. 35. As-quenched microstructure of 4130 after a (1200*C, IBQLN)

heat treatment showing a grain boundary decomposition product

(indicated by arrow) along a prior austenite grain boundary.
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Fig. 36. As-quenched microstructure of 4130 after a (1200 0 C, IBQLN)

heat treatment showing a grain boundary decomposition product

(indicated by arrow) along a prior austenite grain boundary.

Fig. 37. As-quenched microstructure of 4130 after a (12000 C, Oil)

heat treatment showing upper bainite (marked by arrow)

nucleated along grain boundaries.

Fig. 38. As-quenched microstructure of 4130 after a (1200 0 C, Oil) heat

treatment showing upper bainite (marked by arrow) nucleated

along grain boundaries.

Fig. 39. As-quenched microstructure of 4130 after a (1200*C, Oil)

heat treatment showing upper bainite (marked by arrow)

nucleated along grain boundaries.

Fig. 40. As-quenched microstructure of 4130 after a (1200*C, Oil)

showing upper bainite that has nucleated from a grain boundary.

Fig. 41. As-quenched microstructure of 4130 after a (1200*C, Oil)

showing upper bainite that has nucleated from a grain boundary.

Fig. 42. Enlargement of micrograph in Fig. 41.

Fig. 43. As-quenched microstructure of 4130 after a (1200+870*C, Oil)

heat treatment showing regions of upper bainite marked by

arrows.

Fig. 44. As-quenched microstructure of 4130 after a (1200+870*C, Oil)

heat treatment showing regions of upper bainite marked by arrows.

Fig. 45. As-quenched microstructure of 4130 after an (870*C, IBQI.N) heat

treatment which results in a small prior austenite grain size

and a fine upper bainitic structure, marked by arrows.
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Fig. 46. (A) As-quenched microstructure of 4130 after an (870*C, IBQLN)

heat treatment showing the upper bainite structure marked by

arrows, (B) higher magnification of same area as (A).

Fig. 47. Enlargement of Fig. 46.

Fig. 48. Interference contrast micrograph of the as-quenched structure

of 4130 after an (870°C, IBQLN) heat treatment, showing the

parallel laths of upper bainite extending across individual

prior austenite grains.

Fig. 49. As-quenched microstructure of 4130 after an (870"C, 1l1) heat

treatment, showing the bainitic structure with parallel laths

indicated by arrows (micrograph taken near the surface of the

specimen).

Fig. 50. As-quenched microstructure of 4130 after an (870 0 C, Oil) heat

treatment showing ferrite and upper bainite, marked by arrows.

Fig. 51. As-quenched microstructure of 4330 after a (1200C, IBQLN)

heat treatment showing small regions of a decomposition

product clearly nucleated along grain boundaries rimilar to

Figs. 34 through 36.

Fig. 52. Interference contrast micrograph of as-quenched microstructure

of 4330 after a (1200C, Oil) heat treatment showing bainite,

marked by arrows.

Fig. 53. As-quenched microstructure of 4330 after a (1200"C, Oil) heat

treatment showing bainite, marked by arrows.

Fig. 54. As-quenched microstructurc of 4330 after a (1200C, Oil) heat

treatment showing bainite and a ferrite film along a grain

boundary. marked by arrow.
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Fig. 55. As-quenched microstructure of 4330 after a (1200-870OC, Oil)

heat treatment showing bainite and ferrite along grain

boundaries, marked by arrow.

Fig. 56. As-quenched microstructure of 4330 after a (870°C, Oil) heat

treatment showing upper bainite, marked by arrows.

Fig. 57. As-quenched microstructure of 4140 after a (870 0 C, Oil) heat

treatment showing bainite, marked by arrows.

Fig. 58. As-quenched microstructure of 4140 after a (1200*C, Oil) heat

treatment with a typical region of bainite marked by an arrow.

Fig. 59. Higher magnification micrograph of Fig. 58.

Fig. 60. Interference contrast micrograph of same area as Fig. 58

and 59.

Fig. 61. As-quenched microstructure of 4140 after a (1200*C, Oil) heat

treatment showing the grain boundary network of bainite which

surrounds many grains.

Fig. 62. Interference contrast micrograph of the same area as Fig. 61

showing the presence of very fine subunits, marked by arrows,

growing outward along the edge of the bainite.

Fig. 63. As-quenched microstructure of 4340 after a (1200+870*C, Oil)

heat treatment showing the grain boundary network of bainite,

marked by arrows, similar to that of alloy 4140, Fig. 61.

Fig. 64. As-quenched microstructure of 4340 after a (1200-870*C, Oil)

heat treatment showing the feathery structure of bainite,

marked by arrows.

Fig. 65. As-quenched microstructure of 4340 after a (1200+870"C, Oil)

heat treatment showing bainite originating from grain boundaries,

marked by arrows.
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Fig. 66. As-quenched microstructure of 4340 after a (1200-1870OC) heat

treatment showing the feathery type of structure associated

with bainite (indicated by the upper arrowý an apparent ferrite

film along the prior austenite grain boundary, and a particle

located on the grain boundary (marked by the lower arrow).

Fig. 67. As-quenched structure of 4340 after a (1200 870*C, Oil) heat

treatment with several dark etching plates marked by arrows.

Fig. 68. Interference contrast micrograph of the same area as Fig. 67

showing that the plates marked by arrows in Fig. 67 actually

consist of many parallel closely spaced subunits.

Fig. 69. As-quenched microstructure of 4340 after a (870C, Oil) heat

treatment showing a dark etching structvre,.marked by arrows,

extending across the prior austenite grains, similar to

Figs. 46 and 57.

Fig. 70. As-quenched microstructure of 300-M after a (1200C, Oil) heat

treatment showing bainite, marked by arrows, originating from

the site of-a prior austenite grain boundary.

Fig. 71. Interference contrast micrograph of the same area as Fig. 70,

showing that each dark etching region is actually composed

of many parallel subunits.

Fig. 72. Profiles of nickel plated fracture surfaces of a fracture

toughness specimen of 4130 after a (1200C, Oil) heat treatment

showing (A) evidence of plastic deformation and a jagged type

of tranagranular fracture path and (5) a smooth Lntergranular

type of fracture path that occurs when upper bainite is

present along grain boundaries.
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Fig. 73. Photomacrograph showing the amount of bending that a 0.027 in.

thick sheet of 4340 will undergo after a (1200C, IBQLN) and

a (870°C, Oil) heat treatment; the (1200°C, IBQLN) heat treated

specimen is extremely brittle and broke without bending at all,

while the (870°C, Oil) heat treated specimen was bent 90*

without cracking.

Fig. 74. Typical fracture surfaces represented by 4130 for three different

heat treatments. The top corresponds to a (870*C, Oil) tempered

at 200C heat treatment with K Ic 55 ksi-in. 1/2 , the middle

specimen corresponds to a (1200*C, IBQLN) tempered at 200C

heat treatment with KIC and the bottom

specimen corresponds to a (1200C, INJ'AN) tempered at 350C

heat treatment with KiC - 60 ksi-In.1 /2 .

Fig. 75. Fractograph of 4130 after a (1200C, IBQLN) heat treatment

tested in the as-quenched zondition shoving intergrenular,

quasi-cleavage and ductile rupture.

Fig. 76. A and B, fractogrmphs of 4130 after a (1200%C, Oi) heat treatment

tested In the as-quenched condition shoving the presence of

particles located in the bottom of many dimples.

C through E, fractograpi, showing MnS particles extending from

the fracture surface of a region that has failed intergranularly.

* Fig. 77. Fractograph of 4130 after an (870C, Oil) heat treatment tested

in the as-quenched condition showing primarily cleavage

(A), with regions of ductile rupture vith Hn particles again

visible (W).
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Fig. 78. Fractograph of 4130 after an (8700C, Oil) heat treatment tested

after tempering at 3500C, shoving primarily quasi-cleavage

with MnS particles visible

Fig. 79. Fractograph of 4130 after a (1200C, IBQLN) heat treatment

tested after tempering at 200C showing primarily ductile

rupture with large amounts of plastic flow associated with

dimples initiated by particles as compared to Figs. 76 and 78A.

Fig. 80. Fractograph of 4130 after a (12000C, IBQLN) heat treatment

tested after tempering at 280C (A and B) and 350C (C and D)

showing the transition from a primarily ductile type of

failure, Fig. 79, to a completely intergranular brittle type

of failure.

Fig. 81. Fractograph of 4330 after a (1200"C, IBQLN) heat treatment

tested in the as-quenched condition, showing & completely

ductile type of failure with particles visible.

Fig. 82. Fractograph of 4330 after an (870C, Oil) heat trsatmae

tested in the as-quenched condition shoving a borderline

case of quasi-cleavae and ductile rupture in which the

quasi-cleavage facets lose their flat appearance as in

Fig. 78B and become almost cone shaped.

Fig. 83. Fractograph of 4330 after a (12006C, IBQLU) heat treatment

(A &n0 ), and (C) an (870%C, Oil) heat treatment, all tested

after teupqing at 3500C, shoving a ductile type of failure

in each case.

Fig. 84. Fractograph of 4340 after a (1200C, 0i1) heat treatment tested

in the au-quenched carditiou shoving the interSranular nature

of a quench crack.
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Fig. 85. Fractograph of 4340 after a (1200+870*C, Oil) heat treatment

tested in the as-quenched condition showing intergranular

facets, quasi-cleavage, and regions of ductile rupture with

many MnS particles visible.

Fig. 86. Fractograph of 4340 after-- .870OC, Oil) heat treatment tested

in the as-quenched condition, showing primarily cleavage

with isolated regions of ductile rupture with some particles

visible.

Fig. 87. Fractograph of 4340 after (1200-870*C, Oil) heat treatment

tested after tempering at 200C to achieve maximum toughness,

shoving all the features as the a-quenched specimen, Fig. 85.

except that there are more regions of ductile rupture and

within these regions there is extensive plastic flow around

each particle E and F.

Fig. 88. Fractograph of 4340 after a (12004870*C Oil) heat treatment

tested after tempering 4c 280*C, shoving the lntergranular

type of failure associated with tempered martensite embrittlement,

and the presence of MnS particles along grain boundaries.

Fig. 89. fsactograph of 4140, (A) after an (8701C, Oil) hest treatment

tested in the as-quenched condition, (5) after a .(1200*C. Oil)

heat treatment tested it the as-quenched condition, (C and 0)

after a (1200%C Oil) heat trasteat tested after temperlin

at 2000C, showing cleavage and quasi-cleavage for all

conditions.
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Fig. 90. Fractograph of 4140, (A) after an (870*C, Oil) heat treatment

tested after tempering at 280"C, (B) same as (A) except tempered

at 390*C, (C) higher magnification of the particle visible in

(B), and (D) after a (1200*C, Oil) heat treatment tested

after tempering at 350"C. The (8700C, Oil) heat treatment

becomes progressively more ducitle as the tempering temperature

is increasedwhile the (1200"C, Oil) heat treatment fails

intergranularly when tempered at 280*C.

Fig. 91. Fractograph of 300-M, (A) after aa (870"C. 011) heat treatment

tested in the ae-quenched condition, (B) after a (1200"C, Oil)

heated treatment tested in the as-quenched condition, (C and D)

after a (1200C, Oil) heat treatment tested after tempering

at 3250C.
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